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(54) Function reconfigurable semiconductor device and integrated circuit configuring the 
semiconductor device 



(57) A function reconfigurable semiconductor de- 
vice is provided. The function reconfigurable semicon- 
ductor device includes a plurality of function cells, each 
of the function cells being a basic unit which realizes a 
function; each of the function cells including a plurality 
of threshold elements; each of the threshold elements 



including means which stores a threshold value; and 
wherein a function which is realized by the function cell 
is determined by determining the threshold value in 
each of the threshold elements. In addition, the semi- 
conductor device includes a nonvolatile memory which 
stores data for realizing the function in the function cells. 
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Description 

BACKGROUND OF THE INVENTION 

5 1 . Field of the Invention 

[0001] The present invention relates to a semiconductor device and an integrated circuit. More particularly, the 
present invention relates to the semiconductor device and the integrated circuit which can configure a function in each 
of them even after they are manufactured. In addition, the present invention relates to a method of storing function 
10 configuration data. 

[0002] Further, the present invention relates to an integrated circuit which can configure any symmetric function in 
it and has a selector capability. 

[0003] Further, the present invention relates to a method of designing an integrated circuit which realizes any function 
and relates to the integrated circuit. 

2. Description of the Related Art 

[0004] A reconfigurable logic device, typified by FPGA (Field Programmable Gate Array) or PLD (Programmable 
Logic Device) becomes widely used for various purposes in addition that the scale of it becomes larger. 
20 [0005] When the reconfigurable logic device begins to emerge, it is manly used for realizing a device of which the 
necessary amount is small but many varieties are needed, or for prototyping. However, the reconfigurable logic device, 
instead of ASIC (Application Specific Integrated Circuit), is often incorporated into an end product now, because FPGA 
can satisfy desired performance and it can be shipped several months earlier than ASIC. 

[0006] Further, research and development of a reconfigurable computing system (RCS) starts to be active, wherein, 
25 in the reconfigurable computing system, the reconfigurable logic device is used and a hardware configuration can be 
changed adaptively according to an application. For example, the reconfigurable computing system (RCS) is shown 
in Toshinori Sueyoshi, "Present Status and Problems of the Reconfigurable Computing Systems - Toward the Computer 
Evolution-," Technical Report of IEICE, VLD96-79, CPSY96-91 , 1 996-1 2. 

[0007] In an integrated circuit which configures the reconfigurable logic device like the above mentioned FGPA, parts 
30 for reconfiguring a logic include an input/output part (I/O part), a wiring connection part and a logic part. Among these; 
a configuring method of the logic part includes technical characteristics used for hardware design and manufacturing. 
Representative configurable logic blocks are an LUT (Look-Up Table) type shown in Figs. 1 A and 1B, a multiplexer- 
based block type shown in Figs.2A and 2B and a programmable logic array (PLA) type shown in Fig.3. 
[0008] The LUT type shown in Figs.lA and 1B includes memory elements or memory circuits typified by SRAM 
35 wherein the memory elements or memory circuits store function configuration data. 

[0009] In the following, the LUT type will be described in which the SRAM is used for the logic part. Since the logic 
part is configured by the SRAM, it can be manufactured by a standard CMOS process. In addition, since a logic is 
realized by data stored in the SRAM, the logic can be rewritten unlimited times in principle. However, large area is 
required in the chip for realizing a logic of n (n is a positive integer) input variables since 2 n SRAMs are necessary. In 
40 addition, an external ROM is necessary for storing data continually since data stored in the SRAM disappears when 
a power supply is stopped. 

[0010] An SRAM cell which is used for the changeable logic part in the FPGA is usually includes 6 transistors as 
shown in Fig.4. Thus, an LUT for k input variables requires 2 k SRAMs so that the number of transistors for the SRAMs 
becomes 6x 2 k . 

45 [0011] In many cases, the number k of input variables of the LUT type FPGA which is generally used is 4 or 5. An 
LUT of k=4 requires 96 transistors only for the SRAM cells, and an LUT of k=5 requires 1 92 transistors. In addition, 
peripheral circuits such as an address decoder, a writing circuit, a pre-charge circuit and a sense amplifier are neces- 
sary. Thus, the scale of the circuit becomes large. 

[0012] As for the multiplexer-based block type shown in Figs.2A and 2B, a logic is realized by a multi-stage structure 
50 of multiplexers. This multiplexer-based block type also can realize any Boolean function same as the LUT type. How- 
ever, this type needs a memory element or a memory circuit, other than the multiplexers, for storing function configu- 
ration data. As the memory element or memory circuit, an anti-fuse or an 1 bit SRAM or the like is used. Generally, 
the anti-fuse is often used for realizing fast multi-stage logic operation. However, it is difficult to reconfigure a logic 
function after a logic function is configured. As for the 1 bit SRAM, in the same way as the LUT type, large area is 
55 necessary in a chip since at least 2 n SRAMs are required for realizing logics of n input variables. 

[0013] As for the PLA shown in Fig.3, a logic is defined by a connection state of an AND array and an OR array on 
the basis that any Boolean function can be configured by AND and OR. That is, PLA realized a sum-of-products type 
logic. In each array, memory elements or memory circuits such as anti-fuses, EPROMs, EEPROMs and SRAMs are 
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used for the connection of wiring. Especially, EEPROMs are ofen utilized to realize wired-AND easily. 
[0014] The anti-fuse has an advantage in that it operates relatively fast. However, there is a problem in that recon- 
figuration is difficult after a logic is configured once. As for the EPROM or EEPROM, area for this memory element is 
necessary for storing function configuration data other than circuits for the AND array and the OR array. In addition, 

s generally, a data writing part and/or a data erasing part is necessary for rewriting the function configuration data. Thus, 
it is difficult to reconfigure a logic function easily and for a short time. Especially, as for the case of the EPROM, since 
irradiating ultraviolet is necessary for rewriting the logic function, it is not easy to reconfiguring the logic function. As 
for the EEPROM, the size of the memory cell is larger than that of the EPROM. In addition, tunnel current is used for 
data writing and data erasing. Thus, it is difficult to perform data writing and data erasing speedily. 

10 [0015] Other programmable hardware, in which a logic realizing method may be different, also has the memory 
element or the memory circuit for storing the function configuration data. 

[0016] Conventional programmable hardware is considered as a digital signal processing device which uses two- 
valued data representing logical 1 or 0 as an input/output signal, in which the function configuration data is also stored 
as two-valued data. 

15 [0017] When an advanced programmable hardware is desired, wherein the advanced programmable hardware can 
process multilevel and/or analog signals as well as the two-valued signals, the conventional method lacks flexibility. 
In addition, by using a circuit structure which can use multilevel signals and /or analog signals internally, it may be 
possible to reduce area comparing with the conventional circuit. 

[0018] As mentioned above, when the SRAM is used for storing the function configuration data, area in the chip 
20 becomes large. When the anti-fuse is used, reconfiguration is difficult. As for EPROM and EEPROM, a rewriting specific 
device becomes necessary so that there is a problem in that reconfiguration is not performed fast. In addition, it lacks 
flexibility when advanced programmable hardware is desired. 
[0019] In the following, a description on a symmetric function will be given. 

[0020] Arithmetic operation circuits are often used in an arithmetic part (data pass part) of a microprocessor (uP) or 
25 a digital signal processing processor (DSP), which are representative examples of the logic LSI. The arithmetic oper- 
ation circuit includes an adding circuit, a subtracting circuit, a multiplying circuit and the like. These arithmetic operation 
circuits often use a full adder which handles the symmetric function. 

[0021] The symmetric function is a logic function in which the function value is not changed even when input variables 
are permutated. For example, the output value of AND of two input variables X1 and X2 is not changed even after the 
30 values of X1 and X2 are switched. Examples of the symmetric function are AND, OR, NAND, NOR, XOR and XNOR 
and the like. 

[0022] In addition, for the control part of the logic LSI, a circuit which includes a selector capability is often used. 
[0023] Accordingly, circuits which has the symmetric function capability and circuits which has the selector capability, 
other than sequential circuits including such as registers and latches, are used with high frequency in the logic LSI. 
35 [0024] The LUT type FPGA can represent any Boolean function, but does not have the selector or multiplexer ca- 
pability. In addition, since the logic which is implemented in the LUT is not always a complex one, the capability for 
realizing any k input variable logic function is not always necessary. 

[0025] As mentioned above, a circuit structure which has the symmetric function ability and the selector capability 
simultaneously is not proposed conventionally. 
40 [0026] In terms of improving the function of the RCS so that it realizes not only the symmetric function but also any 
function, it is desirable to satisfy a condition that the time taken for reconfiguring logic function is short. Among the 
above-mentioned types, the LUT type which uses a memory circuit like the SRAM, a latch circuit or a circuit like DRAM 
may satisfy this condition. 

[0027] Representative examples of the reconfigurable logic device having high rewriting speed are DPGA (Dynam- 
45 ically Programmable Gate Array) and DRLE (Dynamically Reconfigurable Logic Engine) in which the LUTs are config- 
ured by latch circuits. 

[0028] The DPGA is described in Andre DeHon.DPGA-Coupled Microprocessors :Commodity ICs for the Early 21st 
Century.Proceedings of the IEEE Workshop on FPGAs for Custom Computing Machines,April,1994. In addition, the 
DRLE is described in T.Fujii.et al.,A Dynamically Reconfigurable Logic Engine with a Multi-Context/Multi-Mode Unified- 

50 Cell Architecture, ISSCC99,WA21.3pp.360-361, 1999. 

[0029] However, as for the LUT type, since the truth table is directly implemented in circuits, the changeable logic 
part which can represent any logic function needs to be provided even when only specific logic functions are used. 
Thus, the logic part of k input variables needs 2 k memory cells for implementation as mentioned above. Therefore, 
there is a problem in that the area cost of the changeable logic part of the LUT type is high. 

55 [0030] In order to solve this problem, a circuit can be considered, in which, a circuit which realizes only symmetric 
functions which is used frequently in arithmetic operation performed in the arithmetic part (or data pass part), a selector 
circuit which is often used in the control part, and a circuit which realizes all logic functions complementing the above 
two circuits are realized in low area cost and combined and implemented. 
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[0031] To combine a plurality of basic functions so as to form a basic unit of the reconfigurable logic device is equiv- 
alent to configuring a basic unit from a plurality of LUTs. Generally, the basic unit of the changeable logic part of an 
actual reconfigurable logic device is configured like this. 

[0032] In addition, a method is proposed wherein devices having different characteristics are combined so that the 
5 basic unit of the changeable logic part is configured. For example, the method is disclosed in A.Kaviani and S.Brown, 
The Hybrid Field-Programmable Architecture, IEEE Design&Test of Computers, pp.74-83, April June, 1999. 
[0033] However, it is difficult for the conventional reconfigurable logic device to realize only special functions having 
special properties. 

[0034] It is known that any logic function can be represented by a threshold logic, more specifically, it is known that 
10 any logic function can be realized by a multistage structure of threshold elements in which weights and threshold values 
are adjusted. One of the threshold elements which can realize the threshold logic effectively is a neuron MOS transistor. 
An example is disclosed in Tadashi Shibata and Tadahiro Ohmi, "A Functional MOS Transistor Featuring Gate-Level 
Weighted Sum and Threshold Operations," IEEE Transactions on Electron Devices, Vol.39, No.6, pp. 1444-1455, 1992. 
Figs.5A-5C show a structure and a layout of the neuron MOS transistor and a circuit which is called a complementary 
15 neuron MOS inverter. The complementary neuron MOS inverter includes two neuron MOS transistors which has dif- 
ferent conductivity types. In the following, a complementary MOS inverter which is similar to a standard complementary 
neuron MOS inverter (CMOS inverter) will be called a neuron MOS inverter. 

[0035] Fig.5A shows a layout, Fig.5B shows a section view of X-X' in Fig.5A, and Fig.5C shows a circuit diagram of 
an n input complementary neuron MOS inverter. 

20 [0036] The neuron MOS transistor has a floating gate in an region between the source region and the drain region 
and a plurality of input gates which are capacitively coupled to the floating gate as shown in Figs.5A and 5B. 
[0037] Fig.6A and 6B show a circuit of a CMOS type inverter (neuron MOS inverter) which uses a conventional 
neuron MOS transistor, in which Fig.6A shows the circuit diagram depicted by transistor symbols and Fig.6B shows 
the circuit depicted by logical symbols. 

25 [0038] In the following, the operation of the inverter, shown in Figs. 6A and 6B for example, will be described in detail. 
[0039] Let us assume that V| is a signal voltage input from ith input terminal in n input terminals, C, is an input gate 
capacitance value between the ith input terminal and the floating gate, SC nmos +S C pmos is the sum total of capacitance 
values between the floating gate and source, drain, substrate (well) terminals. When the following formula 1 is true, 



YC i ))2 C ^ + '2 C ^ (formula 1) 



35 the total sum of electrical charge amount Q f which is accumulated in each input gate capacitance is represented by 
the following formula 2. 



l2 / =2"- l C i'^ (formula 2) 

Then, the floating gate voltage V fg can be represented by the following formula 3, in which V fg is roughly proportional 
to Q f . 



V *~ Y C, (formula 3) 

50 

[0040] When the floating gate voltage V fg is larger than a threshold voltage V fth with respect to the floating gate, the 
output signal voltage V out of the neuron MOS inverter becomes a logically inverted voltage of the floating gate voltage 
V fg with respect to the threshold voltage V flh . 

[0041] As mentioned above, the neuron MOS inverter is a kind of a threshold element which performs a threshold 
55 process. That is, the neuron MOS inverter is a kind of a threshold element which performs a threshold process on the 
floating gate voltage V fg by the threshold voltage V m , wherein the floating gate voltage V fg is roughly proportional to 
Q f which is a result of sum of products of V, and C, for all input signals. 
[0042] In the following, a case where the input signal is a two-valued value will be described. 
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[0043] When assuming that the input signal voltage may take two stable voltages {0, V dd }, and CpC-w, where w, is 
an input gate capacitance ratio that is normalized C, by the smallest input gate capacitance value, the total sum Q f of 
the charge amount accumulated in each input gate capacitance is represented by the following formulas 4 and 5. 



j2 / =CYjk,-w' / (formula 4) 



for (y, =V M ) 

( formula 5 ) 



"^""jo for(V^0) 



[0044] When assuming that the output signal of the neuron MOS inverter is V out , a voltage which satisfies V 0Ut sV fth 
is represented as V high> a voltage which satisfies V^-iVf,,, is represented as V| OW , the relationship between V out and 
Q f is represented by the following formulas 6 and 7. 



[V^ for {V fi 



(formula 6) 



(formula 7) 



[0045] Accordingly, when two-valued values {0,V dd } are used for input signals, the output signal value of the neuron 
MOS inverter is decided by the sum of capacitance ratio of the input gate capacitance where x~1 is input, that is, 



35 lXwV w «) (formula 8) 

and V fth . 

[0046] Such a neuron MOS transistor and a basic structure of a circuit using it are disclosed in a Japanese laid open 
40 patent applications No. 6-77427 and 7-161942. According to a technique shown in the Japanese laid open patent 
application No. 6-77427, a logic function of an integrated circuit for realizing Boolean functions is formed by using a 
mask for forming wiring during manufacturing processes. Therefore, reconfiguration of the logic function after manu- 
facturing is impossible. This is similar to the concept of a gate array. 

[0047] Therefore, in the Japanese laid open patent application No. 6-77427, after-mentioned ideas of the present 

45 invention is not disclosed. 

[0048] As for a structure disclosed in Japanese laid open patent application No.7-161942, unnecessary charge ac- 
cumulated in the floating gate is removed by connecting the floating gate to a terminal having a voltage for improving 
a reliability of the neuron MOS transistor. Thus, in the Japanese laid open patent application No. 7-161942, after- 
mentioned ideas of the present invention is not disclosed. 

50 [0049] In Tadashi Shibata, Koji Kotani and Tadahiro Ohmi, "Real-Time Reconfigurable Logic Circuits Using Neuron 
MOS Transistors", IEEE International Solid-State Circuits Conference, FA15.3, pp.238-239, 1993, it is disclosed that 
a Boolean function for a specific number of inputs can be represented by using a neuron MOS circuit configured by 
the neuron MOS transistors. However, signals for selecting a Boolean function is supplied directly from the outside of 
the integrated circuit. Therefore, this document does not discloses an idea that the neuron MOS circuit holds function 

55 or logic configuration data. That is, according to the technique disclosed in this document, the function capability can 
not be realized unless control signals are provided continuously from the outside. 

[0050] It is conceivable that to provide a memory device for storing the control signals, which select a Boolean func- 
tion, for the circuit of the above document. When a volatile memory typified by SRAM is added, as the memory device, 
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to the circuit configured by the neuron MOS inverters regarding process speed as important, this circuit structure is 
equivalent to a circuit in which an address decoder part of the LUT type FPGA is configured by the neuron MOS 
inverters. This is not very useful. 

[0051] In addition, a design method of a symmetric function by using a neuron MOS circuit is disclosed in Kazuo 
5 Aoyama, Hiroshi Sawada, Akira Nagoya, Kazuo Nakajima, "A Design Method for a Circuit with Neuron MOS Transistors 
Realizing," Technical Report of IEICE, CPSY99-90, PP.49-51, 1999-11. 

[0052] Further a basic structure of a neuron MOS transistor is disclosed in a Japanese laid open patent application 
No. 3-6679. In this document, a capacitance value between an input gate terminal and a floating gate terminal is 
positioned as a weight coefficient which is described in W.S.McCulloch and W. A. Pitts, "A Logical Calculus of the Ideas 

10 Immanent in Neural Nets", Bull. Match. Biophy.,Vol.5,pp. 115-1 33,1 992, or a weight coefficient for making a D-A (Digital- 
Analog) converter when the neuron MOS transistor is used for a source follower type circuit. 
[0053] As mentioned above, there are following problems in the conventional programmable hardware. That is, as 
for the LUT type, a large area is required for the changeable logic part which consists of memory circuits such as 
SRAMs in order to enable reconfiguring of a logic function. As for the multiplexer type and the PLA type, the anti-fuse 

15 or memory elements such as EEPROMs and EPROMs are required so that reconfiguring the logic function can not be 
performed easily and in a short time, wherein it is very difficult for the anti-fuse to reconfigure the logic function due to 
the principle and the EEPROM requires a specific device for data writing and deleting. 

[0054] Therefore, an integrated circuit is desired wherein the area of memory elements or memory circuit other than 
main configuration elements is not necessary for realizing the changeable logic part. 

20 [0055] A device which can reconfigure the logic function speedily among conventional reconfigurable logic device 
is the LUT type FPGA, in which the changeable logic part is configured by the LUT including SRAMs. The LUT having 
k input variables can realize any Boolean function which can be generated by k input variables. However, there is a 
problem in that a large area is required in the LSI. Thus, a changeable logic part which has small area and can recon- 
figure the logic function is desired. 

25 [0056] In addition, a circuit structure and the designing method are desired, in which a circuit for realizing symmetric 
function and a small area cost circuit for realizing any function including symmetric functions are combined in the 
changeable logic part of a neuron MOS circuit. 

SUMMARY OF THE INVENTION 

30 

[0057] It is an object of the present invention to provide a semiconductor device and an integrated circuit which 
decrease or does not use a memory element or a memory circuit such as SRAM for storing function configuration data 
in the programmable hardware so that area used for implementing the device and the circuit can be decreased. In 
addition, it is an object of the present invention to provide a method for reconfiguring a function capability which includes 
35 a logic capability easily and speedily so that the programmable hardware increases in performance. 

[0058] Further, it is an object of the present invention to provide an integrated circuit which has a symmetric function 
capability and a selector capability and a memory capability, wherein area for the changeable logic part of the integrated 
circuit is small and the integrated circuit can reconfigure a function speedily. 

[0059] Furthermore, it is an object of the present invention to provide a method for realizing not only the symmetric 
40 function but also any logic function of k input variables effectively by using a neuron MOS circuit, and a neuron MOS 
circuit designed by using this method. 

[0060] The above-mentioned object of the present invention is achieved by a function reconfigurable semiconductor 
device, comprising: 

45 a plurality of function cells, each of the function cells being a basic unit which realizes a function; 

each of the function cells including a plurality of threshold elements; 
each of the threshold elements including means which stores a threshold value; and 

wherein a function which is realized by the function cell is determined by determining the threshold value in each 
of the threshold elements. 

50 

[0061] The semiconductor device may further comprises a nonvolatile memory which stores data for realizing the 
function in the function cells. 

[0062] In the semiconductor device, the function cells may be connected by wiring which can change connection 
status. 

55 [0063] The semiconductor device may further includes at least two control systems, 

each of the threshold elements being connected to the control systems via the wiring; and 
at least one control system in the control systems being connected to the nonvolatile memory. 
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[0064] In the semiconductor device, each of the function cells may includes a plurality of stages, each of the stages 
including at least one threshold element. 

[0065] In the semiconductor device, each of the threshold elements may includes: 

5 a first input part which inputs an input signal to be processed; 

a second input part which inputs a control signal for realizing the function; 

wherein the threshold value is set by the control signal, an output value for an input signal which is input from the 
first input part being determined according to the threshold value. 

10 [0066] In the semiconductor device, each of the threshold elements may includes: 

a plurality of input terminals; 

a first terminal which can be regarded as an electrically insulated state transiently; and 
a nonlinear element; 
15 the input terminals being connected to the first terminal; and 

the nonlinear element receiving a voltage of the first terminal. 

[0067] In the semiconductor device, each of the threshold elements may further includes: 

20 a first switch between the first terminal and a terminal having a first predetermined voltage; 

at least one second switch being connected to at least one input terminal in the input terminals; 

wherein the second switch switches between a connection state of inputting an input signal from the at least one 

input terminal and a connection state of inputting a second predetermined voltage. 

25 [0068] In the semiconductor device, the nonlinear element may be an inverter circuit which may be a CMOS inverter 
or a resistive load type inverter. 

[0069] in the semiconductor device, each of the threshold elements may include: 

a semiconductor region of a first conductivity type disposed on a substrate; 
30 a source region and a drain region of a second conductivity type provided on the semiconductor region; 

a floating gate electrode provided on a region which separates the source region and the drain region via an 

insulating film, the floating gate electrode connected to a terminal having a first voltage via an element which can 

take a conducting state, and, an interrupted state or an electrically high impedance state; 

a plurality of input gate electrodes connected to the floating gate electrode via an insulating film, the input gate 
35 electrodes controlled by at least two input control parts provided in the semiconductor device; 

at least one element for switching which can connects at least one of the input gate electrodes to an input line 

which inputs function configuration data or to a terminal having a second voltage. 

[0070] The above-mentioned object of the present invention is also achieved by a function reconfigurable integrated 
40 circuit, comprising: 

a plurality of threshold elements; 

each of the threshold elements including means which stores a threshold value; and 

wherein a function which is realized by the integrated circuit is determined by determining the threshold value in 
45 each of the threshold elements. 

[0071] The above-mentioned object of the present invention is also achieved by a function reconfigurable integrated 
circuit, comprising: 

50 neuron MOS transistors each of which includes a switch; 

a circuit which stores function configuration data for determining a function as a vector which is a result of sub- 
tracting a third vector from the sum of a first vector and a second vector; 

the first vector including, as elements, voltages of input gate electrodes of the neuron MOS transistors at a time 
when floating gate electrodes of the neuron MOS transistors are in a high impedance state or are interrupted from 
55 initialization terminals used for setting an initial voltage in the floating gate electrode; 

the second vector including, as elements, voltages of the floating gate electrodes at a time when the floating gate 
electrodes are connected to the initialization terminals; 

the third vector including, as elements, voltages of the input gate electrodes at a time when the floating gate 
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electrodes are interrupted from the initialization terminals or when the floating gate electrodes are in a high im- 
pedance state with respect to the initialization terminal. 

[0072] In the function reconfigurable integrated circuit, the neuron MOS transistor may include: 

5 

a semiconductor region of a first conductivity type disposed on a substrate; 

a source region and a drain region of a second conductivity type provided on the semiconductor region; 
the floating gate electrode, which can be regarded as in a floating state, provided on a region which separates the 
source region and the drain region via an insulating film, the floating gate electrode connected to the initialization 
10 terminal having a predetermined voltage via an element which can take a conducting state, and, an interrupted 

state or an electrically high impedance state; 

a plurality of input gate electrodes capacitively coupled to the floating gate electrode via an insulating film. 

[0073] The above-mentioned object of the present invention is also achieved by a function reconfigurable integrated 
15 circuit, comprising: 

neuron MOS transistors each of which includes a switch; 

a circuit which stores function configuration data for determining a function, the function configuration data being 
a difference between the sum of charge amounts induced in input gate electrodes of the neuron MOS transistors 
20 during performing a function processing and charge amounts of floating gate electrodes of the neuron MOS tran- 

sistors at a time when the floating gate electrodes are interrupted from or become in a high impedance state with 
respect to an initialization terminal used for setting an initial voltage to the floating gate electrode. 

[0074] The function reconfigurable integrated circuit may includes i input terminals, i being a positive integer, wherein; 

25 

when the reconfigurable integrated circuit stores function configuration data including n elements, n being a positive 
integer, a time necessary for initialization of the floating gate electrodes is divided into j intervals on a time axis, j 
being a positive integer, such that i + jsn is satisfied, the time necessary for initialization being a time from a first 
time to a second time, at which the first time, at least one of the floating gate electrodes being connected to the 
30 initialization terminal, at which the second time, the floating gate electrodes being interrupted from or becoming in 

a high impedance state with respect to the initialization terminal; 

function configuration data is stored such that elements of the function configuration data are disposed on prede- 
termined regions in a two dimensional plane which is formed by the i input terminals and the j intervals so as not 
to overlap one another. 

35 

[0075] The function reconfigurable integrated circuit may further includes: 

a circuit which provides elements of the first vector as two-valued values of logical 1 or logical 0 or continuous 
values; and 

40 a circuit which provides elements of the third vector as two-valued values of logical 1 or logical 0 or continuous 

values. 

[0076] In the function reconfigurable integrated circuit, voltages which are provided from outside of the integrated 
circuit or voltages which are generated in the integrated circuit are used as elements of the first vector, the second 
45 vector and the third vector. 

[0077] The function reconfigurable integrated circuit may be configured by a plurality of stages, each of the stages 
includes at least one neuron MOS inverter having a switch which includes the neuron MOS transistor having a switch. 
[0078] The function reconfigurable integrated circuit may further includes: 

50 a plurality of circuit blocks, each of the circuit blocks including at least one the integrated circuit; 

wherein processing on storing function configuration data is performed in the integrated circuits simultaneously in 
each of the circuit blocks. 

[0079] In the function reconfigurable integrated circuit, multiple-valued voltages or continuous voltages may be used 
55 for storing the function configuration data, the multiple-valued voltages or the continuous voltages being provided from 
the outside of the integrated circuit or being generated in the integrated circuit from voltages provided from the outside 
of the integrated circuit. 

[0080] The function reconfigurable integrated circuit may further includes: 
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an impedance network which includes switches and impedance components; wherein, 

the integrated circuit stores multiple-valued voltages or continuous voltages which are generated by the impedance 
network from voltages provided from the outside of the integrated circuit. 

5 [0081] In the function reconfigurable integrated circuit, the impedance components may be connected in series be- 
tween a first terminal and a second terminal which have different voltages; and 

each of the switches being for connecting one of the impedance component to the input gate electrode of the 
neuron MOS transistor. 

[0082] In the function reconfigurable integrated circuit, the impedance network may be configured such that capac- 
10 itances are connected in parallel between a first terminal and a second terminal which have different voltages, each 
of the capacitances having a switch, and one of two terminals of each of the capacitances can be connected to one 
of the input gate electrodes of the neuron MOS transistor. 

[0083] In the function reconfigurable integrated circuit, the function configuration data may be stored by storing charge 
amounts of multiple-valued values or charge amounts of continuous values, the multiple-valued values or the contin- 

15 uous values are represented by time intervals during which a predetermined voltage is provided, the predetermined 
voltage being provided from outside of the integrated circuit or being generated in the integrated circuit. 
[0084] In the function reconfigurable integrated circuit, the multiple-valued values or the continuous values may be 
generated and stored by controlling the time intervals by using an imprdance network and a capacitance between the 
input gate electrode and the floating gate electrode, the network comprising resistance elements and capacitance 

20 elements and provided on a path over which a signal is applied to the input gate electrode. 

[0085] The above-mentioned object of the present invention is also achieved by a method of storing function con- 
figuration data in an integrated circuit including neuron MOS transistors having a switch, comprising the steps of: 

connecting each of floating gate electrodes of the neuron MOS transistors to an initialization terminal which is in 

25 a second voltage; 

applying voltages in a third voltage vector to input gates of the neuron MOS transistors while each of the floating 
gate electrodes of the neuron MOS transistors is connected to the initialization terminal; 
when a voltage of each of the floating gate electrodes can be regarded as the same as the second voltage, inter- 
rupting each of the floating gate electrodes from the initialization terminal or setting a high impedance with respect 

30 to the initialization terminal in each of the floating gate electrodes; and 

applying voltages of a first voltage vector to the input gate electrodes. 

[0086] The above-mentioned object of the present invention is also achieved by a method of storing function con- 
figuration data in an integrated circuit including neuron MOS inverters having a switch, the integrated circuit configured 
35 by a plurality of stages each of which stages including at least one of the neuron MOS inverters, wherein each of 
floating gate electrodes of the neuron MOS inverters can be connected to a ground terminal having a ground voltage 
via a switch, the method comprising the steps of: 

when each of the floating gate electrodes is connected to the ground terminal, applying predetermined voltages 
40 to input gate electrodes of the neuron MOS inverters; 

interrupting each of the floating gate electrodes from the ground terminal or providing a high impedance to each 
of the floating gate electrodes while applying the predetermined voltages to the input gate electrodes; 
when each of the floating gate electrodes can be regarded as in a floating state, applying a power supply voltage 
instead of the predetermined voltages to the input gate electrodes. 

[0087] The above-mentioned object of the present invention is also achieved by a method of storing function con- 
figuration data in an integrated circuit including neuron MOS inverters having a switch, the integrated circuit configured 
by a plurality of stages each of which stages including at least one of the neuron MOS inverters, wherein each of 
floating gate electrodes of the neuron MOS inverters can be connected to a power supply terminal having a power 
50 supply voltage via a switch, the method comprising the steps of: 

when each of the floating gate electrodes is connected to the power supply terminal, applying predetermined 
voltages to input gate electrodes of the neuron MOS inverters; 

interrupting each of the floating gate electrodes from the power supply terminal or providing a high impedance to 
55 each of the floating gate electrodes while applying the predetermined voltages to the input gate electrodes; 

when each of the floating gate electrodes can be regarded as in a floating state, applying a ground voltage instead 
of the predetermined voltages to the input gate electrodes. 
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[0088] The above-mentioned object of the present invention is also achieved by a method of storing function con- 
figuration data in an integrated circuit including neuron MOS inverters having a switch, the integrated circuit configured 
by a plurality of stages each of which stages including at least one of the neuron MOS inverters, wherein each of 
floating gate electrodes of the neuron MOS inverters can be connected to a second voltage terminal having a second 
5 voltage via a switch, the method comprising the steps of: 

when each of the floating gate electrodes is connected to the second voltage terminal, applying third voltages to 
input gate electrodes of the neuron MOS inverters; 

interrupting each of the floating gate electrodes from the second voltage terminal or providing a high impedance 
10 to each of the floating gate electrodes while applying the third voltages to the input gate electrodes; 

when each of the floating gate electrodes can be regarded as in a floating state, applying a first voltage instead 
of the third voltages to the input gate electrodes. 

[0089] The above-mentioned object of the present invention is also achieved by an integrated circuit which realizes 
15 a function of k input variables, k being a positive integer, comprising: 

k first input signal terminals which input k first input signals and k+1 second input signal terminals which input k+1 
second input signals, wherein input status numbers, each of which is the number of the first input signal terminals 
having identical values, are in one-to-one correspondence with the second input signal terminals; 
20 the integrated circuit outputting a value which is determined according to a state of the second input signal terminal 

which corresponds to the input status number; 

the integrated circuit including a symmetric function capability of k input variables and a selector capability, the 
selector capability selecting one signal among the k+1 second input signals by using the k first input signals. 

25 [0090] The above-mentioned integrated circuit includes: 

two stages, a first stage in the two stages including k+1 threshold elements, a second stage in the two stages 
including a threshold element; 

each of the k+1 threshold elements in the first stage including terminals for inputting the k first input signals and 

30 a terminal for inputting one of the second input signals; 

the threshold element in the second stage including terminals for inputting the k first input signals and terminals 
for inputting signals based on output signals of the k+1 threshold elements of the first stage; 
each of the threshold elements in the first stage having a threshold value which is different from a threshold value 
of any other threshold element in the first stage; 

35 the threshold element in the second stage receiving products of a first weight and signal values output from the 

k+1 threshold elements of the first stage, the first weight having reversed sign of a second weight by which the 
first input signals are multiplied, or the threshold element in the second stage receiving products of a positive 
weight and reversed signals of signals output from the k+1 threshold elements of the first stage. 

40 [0091] The above-mentioned object of the present invention is also achieved by a function reconfigurable integrated 
circuit comprising at least one neuron MOS transistor having a switch; 

the neuron MOS transistor including an element between a floating gate electrode and a terminal of a predeter- 
mined voltage, wherein the element can take either of two states of a conducting state and an interrupted state or 

45 a high impedance state; wherein, 

the integrated circuit has a symmetric function capability and a selector capability by controlling at least one of 
three voltages, a first voltage of the three voltages being a voltage of the floating gate electrodes at a time when 
the element is in the conducting state, a second voltage of the three voltages being a voltage of an input terminal 
of the neuron MOS transistor at a time when the element is in the conducting state, a third voltage of the three 

50 voltages being a voltage of the input terminal of the neuron MOS transistor at a time when the element is in the 

interrupted state. 

[0092] The function reconfigurable integrated circuit may includes: 

55 two stages, first stage in the two stages including k+1 threshold elements using the neuron MOS transistors, 

second stage in the two stages including a threshold element using the neuron MOS transistor; 
each of the k+1 threshold elements in the first stage including k first input signal terminals, a second input signal 
terminal which is different from other second input signal terminals of other threshold elements; 
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the threshold element in the second stage including terminals for inputting k first input signals and k+1 terminals 
for inputting signals based on output signals of the k+1 threshold elements of the first stage; 
each of the threshold elements in the first stage having a threshold value which is different from a threshold value 
of any other threshold element in the first stage; 
5 the threshold element in the second stage receiving products of a positive weight and reversed signals of signals 

output from the k+1 threshold elements of the first stage. 

[0093] The function reconfigurable integrated circuit may further includes a switching circuit which selects between 
the symmetric function capability and the selector capability. 
10 [0094] The function reconfigurable integrated circuit may further includes a control circuit which switches between 
four modes; 

in a first mode, the symmetric function capability being realized only during applying function configuration data ; 
in a second mode, the function configuration data being stored; 
15 in a third mode, the selector capability being realized only during applying an address of a signal to be selected; 

in a fourth mode, the address being stored. 

[0095] In the function reconfigurable integrated circuit, the threshold element using the neuron MOS transistor may 
have a switch being an element which forms an inverter circuit. 
20 [0096] In the function reconfigurable integrated circuit, output terminals of the threshold elements of the first stage 
may be connected to input terminals of the threshold element of the second stage via circuits including wave-shaping 
circuits. 

[0097] The function reconfigurable integrated circuit may further include a circuit including a delay circuit, which is 
provided on a path over which a signal is applied to the threshold element of the second stage. 
25 [0098] The above-mentioned object of the present invention is also achieved by a function reconfigurable integrated 
circuit which includes a plurality of neuron MOS transistors or a plurality of neuron MOS transistors having a switch, 
wherein the integrated circuit is configured such that: 

sums of sets of an element or elements are different with respect to each other, wherein the elements in a set do 
30 not overlap each other, the elements being included in a capacitance ratio set (w 1t w 2 , w,, -, w k ) ; 

wherein each element in the capacitance ratio set (w 1t w 2 , -, w,, -, w k ) is a capacitance ratio with respect to a 
minimum value of capacitance values, the capacitance values being values of capacitances between input gate 
electrodes to which input variables are input and a floating gate electrode, wherein k is the number of the input 
variables. 

35 

[0099] In the function reconfigurable integrated circuit, each of the neuron MOS transistor and the neuron MOS 
transistor having a switch comprising: 

a semiconductor region of a first conductivity type disposed on a substrate; 
40 a source region and a drain region of a second conductivity type provided on the semiconductor region; 

the floating gate electrode, which can be regarded as in a floating state, provided on a region which separates the 
source region and the drain region via an insulating film; 

a plurality of input gate electrodes capacitively coupled to the floating gate electrode via an insulating film; 
wherein the floating gate electrode of the neuron MOS transistor having a switch is connected to a terminal having 
45 a predetermined voltage via an element which can take either of two states of a conducting state and an interrupted 

state or a high impedance state. 

[0100] In the function reconfigurable integrated circuit, each of the neuron MOS transistor and the neuron MOS 
transistor having a switch may be a transistor wherein the capacitance ratio w ( of ith input gate satisfies 

50 

55 [0101] In the function reconfigurable integrated circuit, each of the neuron MOS transistor and the neuron MOS 
transistor having a switch may be a transistor wherein wj=z M , 1^i^k, and zS2 are satisfied. 
[0102] In the function reconfigurable integrated circuit, each of the neuron MOS transistor and the neuron MOS 
transistor having a switch may be a transistor wherein W|=a M , isi^k and 1<a<2 are satisfied. 
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[0103] In the function reconfigurable integrated circuit, each of the neuron MOS transistor and the neuron MOS 
transistor having a switch may be a transistor wherein W|= a*- 2 '(1+f3), 2gigk, a>1 and 0< |3<1 are satisfied. 
[0104] In the function reconfigurable integrated circuit, each of the neuron MOS transistor and the neuron MOS 
transistor having a switch may be a transistor wherein Wi=2 1 - 2 '(1+(3), 2§i§k and 0<(5<1 are satisfied. 
5 [0105] The function reconfigurable integrated circuit may includes two stages, a first stage of the two stages including 
pre-inverters each of which is the neuron MOS transistor or the neuron MOS transistor having a switch, the pre-inverter 
having more than two threshold values with respect to an input signal. 

[0106] The function reconfigurable integrated circuit may further includes terminals from which two-valued control 
signals which determine the threshold value are input. 
10 [0107] The function reconfigurable integrated circuit may further includes a control signal terminal from which a mul- 
tiple-valued signal or an analog signal is input, the multiple-valued signal or the analog signal determining the more 
than two threshold values. 

[0108] The above-mentioned object of the present invention is also achieved by a designing method of a function 
reconfigurable integrated circuit, the integrated circuit comprising two stages which includes neuron MOS inverters 
15 using neuron MOS transistors or neuron MOS transistors having a switch, the neuron MOS inverter in a first stage of 
the two stage being a pre-inverter and neuron MOS inverter in a second stage of the two stage being a main inverter, 
the method comprising the steps of: 

setting values of input gate capacitances, for each of the neuron MOS inverters, between input gate electrodes 
20 from which first input signals are input and a floating gate electrode such that input vectors can be identified, the 

input vector being a vector representation of the first input signals; 

setting, for each input gate electrode connected to an output terminal of the pre-inverter, a value of an input gate 
capacitance between an input gate electrode from which an output signal from a pre-inverter is input and the 
floating gate of the main inverter such that, in two different voltages of the floating gate which correspond to two 
25 output values of the pre-inverter, one is larger than a threshold voltage of the floating gate and another is smaller 

than the threshold voltage, wherein the input gate capacitance corresponds to the pre-inverter which corresponds 
to one of the input vectors; and 

setting, for each of the pre-inverters, a value of an input gate capacitance between an input gate electrode from 
which a second input signal are input and the floating gate of one of the pre-inverters such that, a voltage of the 
30 floating gate becomes equal to the threshold voltage at each of two different input charge amounts, wherein an 

input charge amount corresponding to the one of the pre-inverters wh ich corresponds to a first input vector is larger 
• than one of the two different input charge amounts and is smaller than another of the two different input charge 
amounts, wherein each of the two different input charge amounts do not exceed an input charge amount of a 
second input vector which is nearest to the first input vector. 

35 

[0109] The above-mentioned object of the present invention is also achieved by a designing method of a function 
reconfigurable integrated circuit, the integrated circuit comprising two stages which includes neuron MOS inverters 
using neuron MOS transistors or neuron MOS transistors having a switch, the neuron MOS inverter in a first stage of 
the two stage being a pre-inverter and neuron MOS inverter in a second stage of the two stage being a main inverter, 
40 the method comprising the steps of: 

setting values of input gate capacitances, for each of the neuron MOS inverters, between input gate electrodes 
from which first input signals are input and a floating gate electrode such that input vectors can be identified, the 
input vector being a vector representation of the first input signals; 

45 for the main inverter, dividing the input vectors which are arranged in ascending order by corresponding input 

charge amounts into blocks each of which block includes four input vectors, the input charge amounts being ac- 
cumulated in input gate capacitances between first input signal terminals and a floating gate; 
setting values of input gate capacitances, for the main inverter, between input gate electrodes from which output 
signals from the pre-inverters are input and the floating gate such that the floating gate takes two values in which 

50 one is larger than a threshold voltage of the floating gate and another is smaller than the threshold voltage of the 

floating gate by using combinations of logical values of output signals of three pre-inverters for four input vectors 
in the block; and 

setting, for each of the pre-inverters, a value of an input gate capacitance between an input gate electrode from 
which a second input signal are input and the floating gate of one of the pre-inverters such that, a voltage of the 
55 floating gate becomes equal to the threshold voltage at each of two different input charge amounts, wherein an 

input charge amount corresponding to the one of the pre-inverters which corresponds to a first input vector is larger 
than one of the two different input charge amounts and is smaller than another of the two different input charge 
amounts, wherein each of the two different input charge amounts do not exceed an input charge amount of a 
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second input vector which is nearest to the first input vector. The design method of a function reconfigurabie 
integrated circuit may further include the step of utilizing directly a physical multiple-valued value for a multiple- 
valued expression unlike using plural bits. 

5 BRIEF DESCRIPTION OF THE DRAWINGS 

[0110] Other objects, features and advantages of the present invention will become more apparent from the following 
detailed description when read in conjunction with the accompanying drawings, in which: 

10 Figs.1 A and 1 B show structures of an LUT (Look-Up Table) type changeable logic part according to a conventional 

technique; 

Figs.2A and 2B show structures of a multiplexer-based block type changeable logic part according to a conventional 
technique; 

Fig. 3 shows a structure of a PLA type changeable logic part according to a conventional technique; 
15 Fig.4 is a circuit diagram of a CMOS type SRAM cell according to a conventional technique; 

Figs.5A-5C show a structure of a CMOS type inverter using a conventional neuron MOS transistor; 
Figs.6A and 6B are circuit diagrams of a CMOS type inverter using a conventional neuron MOS transistor; 
Fig.7 shows a function reconfigurabie semiconductor device according to an embodiment 1-1 of the present in- 
vention; 

20 Fig.8 shows a structure example of a basic circuit included in the function cell 101 ; 

Fig.9 is a figure for explaining relationships between input status numbers and logical output values of the first 
stage threshold elements TE[1]~TE[4]; 

Fig.10A shows input values (after multiplied by the weight) to the threshold element TE[5] for each input status 
number; 

25 Fig. 1 0B shows output values for input status numbers; 

Fig. 11 shows a structure of a three stage logic circuit which includes threshold elements; 

Fig. 12 shows relationships between output values of threshold elements of first and second stages, input state 

values, and threshold values; 

Fig. 13 shows the input values and the output values of TE[4] for each input status number; 
30 Fig. 14 shows relationships between the values of input2[1]~input2[3] and the output terminal; 

Fig. 15 shows an implementation example of the threshold element in a threshold element network shown in Fig. 
8 which realizes any symmetric function; 

Figs.1 6 and 17 show examples of an electrical potential driven nonlinear element 111 , the switch A and the switch 
B shown in Fig.15; 

35 Fig.1 8 shows a function reconfigurabie semiconductor device wherein nonvolatile memory circuits for storing func- 

tion data are distributed so that each function cell has the nonvolatile memory circuit; 

Fig.1 9 shows a function reconfigurabie semiconductor device wherein nonvolatile memory circuits 1 32 are distrib- 
uted and provided in the function cells, and no wiring area exists; 

Fig.20 shows an implementation example of the threshold element for adding wiring capability to the function cell 
40 which realizes any symmetric function and which includes the threshold element; 

Fig.21 is a basic circuit diagram of a neuron MOS inverter; 
Fig.22 shows a main structure of a neuron MOS circuit of the present invention; 

Fig.23 is a circuit diagram of a main inverter input part wherein a logic is configured by using three control signals 
for two input signals; 

45 Fig. 24 is a conceptual diagram of a neuron MOS circuit having data storing capability; 

Fig.25 is a circuit diagram of a main part of a circuit which can store control signals input to pre-inverters; 
Fig.26 is a timing chart in a case when initialization is performed while the control signals are fixed to the ground 
voltage; 

Fig.27 is a waveform chart, by a circuit simulation, which shows voltage changes of terminals with respect to time 
50 in a case when initialization is performed while the control signals are fixed to the ground voltage; 

Fig.28 is a timing chart in a case when initialization is performed while the control signals are fixed to the power 
supply voltage; 

Fig.29 is a waveform chart, by a circuit simulation, which shows voltage changes of terminals with respect to time 
in a case when initialization is performed while the control signals are fixed to the power supply voltage; 
55 Fig.30 shows a neuron MOS circuit which has a function of storing states of control signals; 

Fig.31 shows a neuron MOS circuit for two input signals which has a function configuration data storing capability; 
Fig.32 is a waveform chart which shows change of terminal voltages by a circuit simulation when a cell type A is 
used and the floating gate is in the basic initial state; 
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Fig.33 is a waveform chart which shows change of terminal voltages by a circuit simulation when a cell type B is 
used and initialization for storing function configuration data is performed; 

Fig.34 is a figure of a neuron MOS circuit for two input signals which has a function configuration data storing 
capability; 

5 Fig. 35 is a waveform chart which shows change of terminal voltages by a circuit simulation when a cell type C is 

used and the floating gate is in the basic initial state; 

Fig. 36 is a waveform chart which shows change of terminal voltages by a circuit simulation when a cell type D is 
used and initialization for storing function configuration data is performed; 

Fig.37 is a waveform chart which shows change of terminal voltages by a circuit simulation when a cell type D is 
10 used and initialization for storing function configuration data is performed; 

Fig.38 is a figure of a neuron MOS circuit for two input signals which has a function configuration data storing 
capability; 

Fig.39 is a waveform chart which shows change of terminal voltages by a circuit simulation when a cell type E is 
used and the floating gate is in the basic initial state; 
15 Fig.40 is a waveform chart which shows change of terminal voltages by a circuit simulation when a cell type F is 

used and initialization for storing function configuration data is performed; 

Fig.41 is a figure of a neuron MOS circuit for two input signals which has a function configuration data storing 
capability; 

Fig.42 is a waveform chart which shows change of terminal voltages by a circuit simulation when a cell type G is 
20 used and control signals are continuously input during processing logic processes; 

Fig.43 is a waveform chart which shows change of terminal voltages by a circuit simulation when a cell type H is 
used and initialization for storing function configuration data is performed; 

Fig.44 shows an integrated circuit including the neuron MOS inverters which are divided into blocks in each of 
which controlling for storing function configuration data is performed; 
25 Fig.45 is a figure of a neuron MOS circuit in which control terminals are eliminated from a circuit shown in Fig.41 

and signals which are equivalent to the control signals are input when initialization; 

Fig.46 is a figure of a neuron MOS circuit in which control terminals are eliminated from a circuit shown in Fig.41 
and signals which are equivalent to the control signals are input when initialization; 

Fig.47 is a waveform chart which shows change of terminal voltage's by a circuit simulation of a circuit which can 
30 input signals, from input signals terminals, which are equivalent to control signals defining a function when initial- 

ization; 

Figs.48A-48C show a concept in that the signal is expanded in time and space, in which Fig.48A shows a case 
when a plurality of signals are input from different terminals simultaneously, Fig.48B shows a case when a plurality 
of signals are input from a terminal by time division, Fig.48C shows a case when signals for generating a logic is 
35 dispersed in time and space; 

Fig.49A shows a circuit of a neuron MOS inverter having three input terminals, in which the floating gate terminal 
is connected to or disconnected from the ground by NMOSFET; 

Fig.49B is an equivalent circuit diagram of the circuit of Fig.49A showing capacitances connected to the floating 
gate; 

40 Fig.50 is a waveform chart which shows change of terminal voltages by a circuit simulation of a neuron MOS 

inverter of three inputs in a case when a power supply voltages is applied to an input terminal for initialization of 
the floating gate; 

Fig.51 is a waveform chart which shows change of terminal voltages by a circuit simulation of a neuron MOS 
inverter of three inputs in a case when 5/8, 1/4, 1/8 voltages of a power supply voltage are applied to the three 
45 input terminals respectively for initialization of the floating gate;; 

Fig.52 is a figure of a circuit which can realize any logic function of two two-valued input signals by using multiple- 
valued values as control signals when the floating gate of the pre-inverters of the neuron MOS circuit which has 
three control signal terminals is initialized; 

Fig.53 is a circuit diagram showing an example of an impedance network for generating multiple-valued voltages; 
50 Fig.54 is a circuit diagram showing another example of an impedance network for generating multiple-valued 

voltages; 

Fig.55 is a waveform chart of voltages of terminals by a circuit simulation in a case of symmetric functions; 
Fig.56 is a waveform chart of voltages of terminals by a circuit simulation in a case of unsymmetric functions; 
Fig. 57 shows meanings of intervals shown in Fig.56; 
55 Fig.58 is a figure of a circuit which can realize any logic function of two two-valued input signals by using multiple 

values as control signals and as input signals when the floating gate of the pre-inverters of the neuron MOS circuit 
which has three control signal terminals is initialized; 

Fig.59 is a waveform chart of voltages of terminals by a circuit simulation in a case of symmetric functions; 
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Fig. 60 is a waveform chart of voltages of terminals by a circuit simulation in a case of unsymmetric functions; 
Fig.61 shows meanings of intervals shown in Fig.60; 

Figs.62A-62C are figures showing that multiple-valued voltage input can be regarded as equivalent to two-valued 
voltage input in which time interval is controlled when a neuron MOS transistor is initialized, in which Fig.62A 

5 shows a circuit diagram equivalent to a main component of one of input signal terminals of a neuron MOS transistor, 

Fig.62B shows transient characteristics of the equivalent circuit shown in Fig.62A when a standard power supply 
voltage is used and when 1/2 of the power supply voltage is used, Fig.62C shows a relationship between the power 
supply voltage and time when 1/2 of the power supply voltage is kept for a time, Fig.62D shows a relationship 
between the power supply voltage and time when the power supply voltage is applied for a time interval; 

10 Figs.63A and 63B are circuit diagrams of neuron MOS inverters each of which has two input signal terminals and 

a control signal terminal, in which Fig.63A shows one of pre-inverters shown in Fig.52 and Fig.63B shows a circuit 
having the same capability as that shown in Fig.63A in which applying time for two-valued voltage inputs is con- 
trolled; 

Fig.64 shows a result by circuit simulation in which different functions are generated by applying three multiple- 
's valued voltages to the control signal terminal ctl shown in Fig.63A for initialization; 

Fig. 65 shows a result by circuit simulation for the neuron MOS inverter shown in Fig.63B in which different functions 
are realized by applying two-valued voltages where applying time is controlled when initializing the floating gate; 
Fig.66 shows an example of a circuit for generating multiple-valued values easily; 

Fig.67 shows a circuit in which any logic function of two-valued two input variables can be realized by controlling 
20 time for applying two-valued voltages; 

Fig.68 shows a result by circuit simulation of the circuit shown in Fig.67, in which AND and XOR are realized; 
Fig.69 is a waveform chart of voltages of terminals by a circuit simulation of a neuron MOS circuit which receives 
two-valued voltage input signals which realizes symmetric functions by controlling time intervals for applying volt- 
ages; 

25 Fig.70 is a waveform chart of voltages of terminals by a circuit simulation of a neuron MOS circuit which receives 

two-valued voltage input signals which realizes unsymmetric functions by controlling time intervals for applying 
voltages; 

Fig.71 shows meanings of intervals shown in Fig.70; 

Fig.72A shows a structure of a function reconfigurable integrated circuit 401 according to an embodiment of the 
30 present invention; 

Fig.72B is a figure for explaining a principle of the integrated circuit 401 ; 

Fig. 73 is a circuit diagram which shows a function reconfigurable integrated circuit 402 according to an embodiment 
3-2 of the present invention; 

Fig.74 shows a function reconfigurable integrated circuit 403 which includes three first input signal terminals, four 
35 second input signal terminals and threshold elements; 

Fig. 75 is a figure for explaining the operation of the function reconfigurable integrated circuit 403; 

Fig.76A shows relationships between input status numbers and the output signal states of each threshold element; 

Fig.76B shows a truth table; 

Fig.77 shows an integrated circuit 404 according to an embodiment 3-3 which includes a symmetric function ca- 
40 pability of k input variables and a selector capability which selects among k+1 data inputs by k control inputs; 

Fig. 78 is a circuit diagram showing a pre-inverter 501 in detail; 

Fig. 79 is a circuit diagram which shows main components of the function reconfigurable integrated circuit 404 
shown in Fig.77; 

Fig.80 shows a procedure for applying terminal voltages in the circuit shown in Fig.77 when realizing the symmetric 
45 function capability; 

Fig.81 shows a procedure for applying terminal voltages in the circuit shown in Fig.77 when realizing the selector 
capability; 

Fig.82 shows a result by circuit simulation for verifying the operation of the circuit shown in Fig.77, in which the 
symmetric function of three inputs is realized; 
50 Fig. 83 shows another result by circuit simulation for verifying the operation of the circuit shown in Fig.77, in which, 

a selector capability is realized in which one signal is selected among four second input signals according to the 
input status number wherein the three first input signals are regarded as control inputs; 

Fig. 84 shows a function reconfigurable integrated circuit 405 according to an embodiment 3-4 which has both of 
the symmetric function capability of three input variables and the selector capability for selecting one among four 
55 data inputs by three control inputs; 

Fig.85 shows a neuron MOS inverter 601 with a switch; 
Fig. 86 shows a pre-inverter 701; 
Fig. 87 shows a main inverter 700; 
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Fig.88 shows a procedure for realizing a first mode in the integrated circuit 405; 

Fig.89 shows a procedure for realizing a second mode in the integrated circuit 405 wherein function configuration 
data is stored; 

Fig.90 shows a procedure for realizing the third mode which realizes the selector capability, wherein an address 
5 of a selected signal is not stored so that a signal which is selected by the address is output only during applying 

the address; 

Fig.91 shows a procedure of a fourth mode, wherein the address of data to be selected is stored in the selector 
capability; 

Figs.92 - 95 show results of circuit simulations of the integrated circuit 405; 
10 Fig.96 shows a structure of a reconfigurable function logic integrated circuit 801 which realizes 2 k th power of 2 

logic functions of k input variables and is configured by two stages of neuron MOS inverters; 

Fig.97 shows relationships between input charge amounts Q, in the main inverter 900 and normalized floating gate 

voltages U fg when the number of elements k=3 and the weight vector is (1 ,3,5) ; 

Fig.98 shows a circuit diagram of a jth pre-inverter; 
15 Fig.99 shows relationships between input charge amounts Q, and normalized floating gate voltages U fg of the fifth 

pre-inverter; 

Fig. 1 00 shows relationships between the input vectors (or input charge amounts Q,) and logical values of the output 
signals of the pre-inverter 901 when the relationship between the input vectors and the normalized floating gate 
voltage U fg is as shown in Fig.99; 
20 Figs.1 01 A and 1 01 B show relationships between a (0Sa=£2) and g(<x,i) when i=1 ,2,3,4,5. When 1 <ot<2; 

Fig. 102 shows relationships between the scalar S 2 and the scalar S a when a=1.7, 1.9, 2.0, 2.2; 
Fig.1 03 shows relationships between weight modulation coefficient p and the ratio ti of the sum Sum (3) to the sum 
Sum (2 ) when k=2,3,4; 

Fig.104 shows a circuit diagram of an integrated circuit 803; 
25 Fig. 105 is a circuit diagram of a neuron MOS inverter INV3 which has three threshold values with respect to the 

input signal; 

Fig.106 shows relationships between input charge amounts of the neuron MOS inverter INV3 and the normalized 
floating gate voltage U fg ; 

Fig.107 shows input-output characteristics of a neuron MOS inverter in a case when input gate capacitance values 
30 are set according to the method of the present invention; 

Fig.108 shows a circuit diagram of an integrated circuit 804; 

Fig. 109 shows relationships between Qj (or input vectors) in the main inverter 1100 and the normalized floating 
gate voltage U fg in the integrated circuit 804 shown in Fig.108; 

Fig.110 shows relationships between the normalized floating gate voltage U fg and logical values (Y p2 ,Yp 3 ) of the 
35 output signals of the pre-inverters 1102, 1103, when the integrated circuit 804 realizes 8 logic functions among 16 

logic functions which can be realized by input variables ^ and x 2 when the number k of elements is 2; 
Fig.111 shows relationships between input vectors or input charge amounts and the normalized floating gate volt- 
age U fg for a main inverter of an integrated circuit which is designed by the same designing method, extended to 
k=3, as that of the integrated circuit 804; 
40 Fig.1 1 2 shows a circuit structure of a function reconfigurable integrated circuit 805 which uses multiple level volt- 

ages as second input signals; 

Fig.1 13 shows a circuit structure of a pre-inverter 1201 of the integrated circuit 805; 

Fig. 114 shows relationships between the input vectors or the input charge amounts of the pre-inverter 1201 
and the normalized floating gate voltage U fg ; and 
45 Fig.115 shows a function reconfigurable function integrated circuit 802 which is a modified example of the integrated 

circuit 801. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

50 [0111] In the following, embodiments of the present invention will be described. In embodiments 1-1~1-3, integrated 
circuits including function reconfigurable function cells and a principle of an integrated circuit applicable to the function 
cells will be described. In embodiments 2-1~2-10, basic structures of circuits using neuron MOS transistors based on 
the principle will be described in detail. In embodiments 3-1~3-4, detailed structures of circuits using the neuron MOS 
transistors for realizing symmetric functions will be described. In embodiments 4-1 ~4-6, detailed structures for realizing 

55 any functions and for enabling use of multiple-valued expressions. 

[0112] Each of integrated circuits which are described in the embodiments 2-1~4-6 can be used as an integrated 
circuit which configures the function cell in the semiconductor device in the embodiment 1-1~1-3. 
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(embodiment 1-1) 

[01 1 3] Fig.7 shows a function reconfigurable semiconductor device according to an embodiment of the present in- 
vention. The function reconfigurable semiconductor device includes function cells 1 01 arranged like an array, wherein 
5 the function cells 101 are connected by wiring which can change a connection state. In addition, the function recon- 
figurable semiconductor device includes a centralized nonvolatile memory circuit 1 02 which is connected to the function 
cells via a control circuit block 104. Each of the function cells is an integrated circuit which includes after-mentioned 
threshold elements. Further, the function reconfigurable semiconductor device has an input circuit block 105 and an 
output circuit block 106. 

10 [0114] In Fig.7, input signal lines and output signal lines of the function cell 101 are connected to wiring provided 
between the function cells via elements or switches 1 03 which switch connection states. 
[0115] The centralized nonvolatile memory circuit 102 has data for realizing functions. 
[0116] Next, the operation of the semiconductor device will be described. 

[0117] When reconfiguring functions, the data stored in the centralized nonvolatile memory circuit 1 02 is sent to the 
15 function cells 101 and the switch 103 via the control circuit block 104. The structure and the method for reconfiguring 
functions will be described later. 

[0118] After the function is set via the control circuit block 104, input variables or input signals are input from the 
input circuit block 105 so that they are processed and the results are output from the output circuit block 105. While 
the device is operating, if a connection state of wiring is changed or if function realized by the function cell is changed, 

20 the changed data is transferred to the centralized nonvolatile memory circuit 1 02 so that it is updated. 

[0119] Fig. 8 shows a structure example of a basic circuit included in the function cell 101 . This circuit includes thresh- 
old elements (TEs), input terminals input1[1]~input1[3] and control signal input terminals input2[1]~input2[4]. The 
threshold element can store a threshold value by an initialization signal. The function cell is comprised of two stages 
of the threshold elements, wherein a first stage includes TE[1]~TE[4] and a second stage includes TE[5]. An output 

25 signal is output from the threshold element of the second logic element. In addition, all input signal lines and a control 
signal line are connected to each of the threshold element of the first stage. An output signal from each of the threshold 
element of the first stage is input to the threshold element of the second stage after inverted (NOT is applied). In 
addition, all input signal lines are connected to the threshold element of the second stage. This circuit also has an init 
terminal for providing timing. 

30 [0120] The terminals input1[1]~input1[3], input2[1]~input2[4] and init corresponds to an input part and the output 
terminal corresponds to an output part. Each of input1[1]~input1[3] is an input terminal for an input variable. Each of 
input2[1]~input2[4] is a control terminal for providing function configuration data for realizing 24 symmetric functions 
which can be formed by 3 input variables. The init terminal provides timing for storing one of two threshold values 
which is selected by a variable value provided from each of input2[1]~input2[4]. "w" shown in Fig.8 indicates a weight 

35 which is assigned to each input variable. 

[0121] In this embodiment 1-1 , each threshold element has two threshold values as shown in Fig.8 and one threshold 
value is selected by a signal from the control terminal. 

[0122] In the following, it will be described that the circuit shown in Fig.8 can realize any symmetric function of 3 
input variables. In the following description, the number of variables each of which is logical 1 will be called an input 
40 status number. 

[0123] When the number of input variables is 3, the input status number takes one of 0, 1 , 2 and 3. Any symmetric 
function of 3 input variables can be realized if the circuit can output logical 0 or 1 in each of the input status numbers. 
[0124] Fig.9 is a figure for explaining relationships between the input status numbers and logical output values of 
each of the first stage threshold elements TE[1]~TE[4]. A black circle in this figure represents an output value which 
45 is determined regardless of the threshold value of the threshold element, and a white circle represents an output value 
which can take logical 0 or 1 depending on the threshold value. 

[0125] When the input status number is 0, that is, when every input value is logical 0, the sum of products of input 
values and the weight for each threshold element is 0. Therefore, in each of threshold elements TE[2]~TE[4], the sum 
of products is smaller than either of the two threshold value so that 0 is output. TE[1] outputs 1 when the threshold 

50 value is -1 and outputs 0 when the threshold value is 1 . When the input status number is 1 , the sum of products of 
input values and the weight for each threshold element becomes 2. In this case, TE[1 ] outputs 0 in either of two threshold 
values and each of TE[3] and TE[4] outputs 1. Only TE[2] outputs 1 or 0 depending on the threshold value. When the 
input status number is 2 or 3, output values are determined as shown in Fig.9 in the same way as mentioned above. 
[0126] Fig. 1 0A shows input values (after multiplied by the weight) to the threshold element TE[5] for each input status 

55 number. Fig. 1 0B shows output values for each input status number. 

[0127] In Fig. 1 0A, a shaded area for each threshold state number shows fixed input numbers and an outlined area 
represents a part which depends on the threshold value. In addition, each source of the input value is shown in the 
shaded area and the outlined area. For example, when the input status number is 1 , 6 is the fixed value, in which 6 is 
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the sum of the sum (2+2=4) of inputs from TE[3] and TE[4] and an input value 2 (because the input status number is 
1 and the weight is 2) from an input terminal. As shown in Fig.9, 2 or 0 is added as an input value from TE[2] depending 
on the threshold value of TE[2]. Since the threshold value of TE[5] is 7, if 2 is added as the input value from TE[2], the 
output value from TE[5] becomes 1. On the other hand, if 0 is added as the input value from TE[2], the output value 

5 from TE[5] becomes 0. That is, as shown in Fig.1 OB, depending on whether the threshold value of TE[2] is set as 1 or 
3, the output value of the circuit may take 0 or 1 . When the input status number is 0, the output value of TE[5] is decided 
depending on the threshold value of TE[1]. When the input status number is 1, the output value of TE[5] is decided 
depending on the threshold value of TE[2] When the input status number is 2, the output value of TE[5] is decided 
depending on the threshold value of TE[3]. When the input status number is 3, the output value of TE[5] is decided 

10 depending on the threshold value of TE[4]. 

[0128] As mentioned above, the circuit shown in Fig.8 can realize any symmetric function of three input variables by 
selecting the threshold value of each threshold element. This circuit and method can be easily extended to k input 
variables. 

[0129] In the following, a method of selecting and storing the threshold value of each threshold element. Each thresh- 
15 old element can store two different threshold values each of which threshold values can be selected by one bit selection 
signal 1 or 0. In addition, by changing an init signal from 1 to 0 while the selection signal is being input, the threshold 
value can be stored. 

[0130] The number of logic stages is not limited to two as shown in Fig.8. For example, a circuit which has three 
logic stages can also realize any symmetric function of two input variables. 

20 [0131] Fig. 11 shows a structure of the three stage logic circuit which includes the threshold elements. As shown in 
Fig.11, the first stage includes the threshold element TE[1], the second stage includes the threshold elements TE[2] 
and TE[3] and the third stage includes the threshold element TE[4]. Each threshold element except one of the third 
stage has different two threshold values either of which values is selected by one bit selection signal. The threshold 
valueofTE[1]is- 1 or1 which is selected by the selection signal input from the terminal input2[1]. The threshold value 

25 of TE[2] is 1 or 3 which is selected by the selection signal input from the terminal input2[2]. The threshold value of TE 
[3] is 3 or 5 which is selected by the selection signal input from the terminal input2[3]. The weight by which an input 
variable is multiplied is 2 at each of the threshold elements for each of input variables of input2[2] and input2[3]. A 
logically inverted value of the output value of TE[1] is input into TE[2], wherein the logically inverted value is multiplied 
by a weight 4. The threshold logic value of TE[4] is 5. TE[4] receives the input variables, an inverted value of the output 

30 value of TE[2] and an inverted value of the output value of TE[3] as input values, wherein the weights are 2, 4, 2 for 
each of the input values respectively. In addition, the threshold value of each threshold element can be stored by a 
signal from the init terminal in the same way as the circuit shown in Fig.8. 

[0132] Fig. 12 shows relationships between output values of threshold elements of the first and second stages, input 
status numbers, and threshold values. As shown in this figure, when the input status number is 1 or 2, the output value 

35 of TE[1] is always 1 regardless of the threshold value. When the input status number is 0, the output value of TE[1] is 
0 or 1 depending on the threshold value. When the input status number is 0 or 1 , the output value of TE[3] is always 
0 regardless of the threshold value. When the input status number is 2, the output value of TE[3] is 0 or 1 depending 
on the threshold value. The output value of TE[2] depends on the output value of TE[1 ] when the input status number 
is 0. When the input status number is 1 , TE[2] outputs 0 or 1 depending on the threshold value as shown in the figure. 

40 When the input status number is 2, TE[2] always outputs 1 . 

[0133] Fig.1 3 shows the input values and the output values of TE[4] for each input status number, wherein the input 
values of TE[4] are inverted values of the output values of TE[2] and inverted values of the output values of TE[3]. As 
shown in Fig.1 3, when the input status number is 1 , the output value of TE[4] is 0 or 1 depending on the inverted value 
of the output value of TE[2], that is, depending on the value of the terminal input2[1]. When the input status number is 

45 o, the output value of TE[4] is 0 or 1 depending on the inverted value of the output value of TE[2], that is, depending 
on the value of the terminal input2[1 ]. When the input status number is 1 , the output value of TE[4] is 0 or 1 depending 
on the inverted value of the output value of TE[2], that is, depending on the value of the terminal input2[2]. When the 
input status number is 2, the output value of TE[4] is 0 or 1 depending on the inverted value of the output value of TE 
[3], that is, depending on the value of the terminal input2[3]. 

50 [0134] Fig.14 shows relationships between the values of input2[1]~input2[3] and the output terminal, which indicates 
a summary of the operation of the circuit shown in Fig. 11. In the circuit shown in Fig. 11, it is assumed that the smaller 
threshold value is selected when the selection signal which is input into each threshold element is 1 and the larger 
threshold value is selected when the selection signal is 0. In Fig.14, a short lateral line indicates that the value of the 
output terminal is not changed whichever the selection signal value is 0 or 1. 

55 [0135] As mentioned above, it is understood that the three stage logic circuit can realize any symmetric function. 
[0136] Next, implementations of the threshold element shown in Fig.8 will be described. 

[0137] Fig.1 5 shows an implementation example of the threshold element shown in Fig.8. The threshold element 
includes input terminals inputl [1]~ inputl [3] for inputting three input variables, an input terminal input2[3] for inputting 
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a signal which is used for selecting a threshold value, an input terminal "init" for inputting an initialization signal which 
is used for storing a selected threshold value, and an output terminal "output". 

[0138] A plurality of input terminals (or input gates) are connected to a floating gate ftg in series via capacitances. 
In addition, the threshold element includes an electrical potential driven nonlinear element 111 which inputs voltage of 
the floating gate and outputs a processed value processed by a nonlinear function typified by a step function, a sigmoid 
function and the like. 

[0139] The floating gate is connected to a ground via a switch A (112). The input terminal input2[3] is connected to 
the floating gate via a capacitance through a switch B (113). The switch A is controlled so that the switch A is connected 
to or disconnected from the ground. The switch A and B are synchronized so that when the switch A is connected to 
the ground, the switch B is connected to input2[3] and when the switch A is disconnected from the ground, the switch 
B is connected to a power supply. 

[0140] Assuming that a capacitance value between each of input gates in11,in12,in13,in23 and the floating gate ftg 
is C, a capacitance value between a terminal ingnd which is connected to the ground and the floating gate is C, a 
capacitance value which is capacitively coupled with a floating gate in the electrical potential driven nonlinear element 
is much smaller than C and negligible. In addition, assuming that each voltage of the terminals inputl [1]~input1 [3] is 
V 11> V 12' V 13 respectively, a voltage of the terminal input2[3] is V 23 , a voltage of the floating gate is V fg , the power supply 
voltage is V dd . Further, each of V^-V^ and V 23 takes only two values V dd or 0. Assuming that x 1v x 12 , x 13 , x 23 are 
V 11t V 12 , V 13 , V 23 which are normalized by V dd respectively, and U fg is V fg which is normalized by V dd . In this example, 
the threshold value of the electrical potential driven nonlinear element is one-half of the normalized floating gate voltage 
U fg . In the following, the operation of this threshold element having this condition will be described. 
[0141] First, a case where the floating gate ftg is in a complete floating state, that is, when the voltage of ftg is set 
to 0 while 0 is input to each input gate, will be described. 

[0142] In this embodiment, V fg and U fg are represented by the following formulas 9 and 10. 



(formula 9) 



(formula 10) 

[0143] Therefore, when a threshold value control variable x 23 which is input from input2[3] is 0 and when 



which is the sum of input variables is equal to or smaller than 2, U fg =2/5 at the maximum which is smaller than the 
threshold value 1/2. When 



11,*., 



is 3, U fg =3/5 which is larger than the threshold value 1/2. Therefore, from the viewpoint of the input variable, the 
50 threshold value is between 2 and 3 of the input status number. On the other hand, when x 23 =1 , U fg becomes 3/5 even 
when 



[0144] That is, U fg is larger than the threshold value and the threshold value is between 1 and 2 of the input status 
number from the viewpoint of the input variable. As mentioned above, by keeping on retaining a voltage for the terminal 
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input2[3], it becomes possible to select one of the two threshold values. 

[0145] Next, it will be described that the selected threshold value can be stored without keeping on inputting the 
threshold control variable by using the switch A and switch B, wherein the threshold control variable is input from input2 
[3] at a time t 0 . 

5 [0146] First, the floating gate ftg is connected to the ground by the switch A. Then, in23 and input2[3] are connected 
by the switch B. This state is called that the switches are in an initial state. When the switches are in the initial state, 
1 is input from input2[3] as the threshold control variable, and 0 is input from each of inputl [1]~ inputl [3]. In this state, 
since the floating gate ftg is connected to the ground, V fg =0. Next, the switch A is released so that the floating gate ftg 
is disconnected from the ground. After that, the switch B is connected to the power supply side so that in23 is connected 

10 to the power supply. The voltage of the in23 is not changed, which is V dd which is 1 as the control variable, after the 
switch B is switched. However, since U fg =0, the relationship between the normalized floating gate voltage U fg and the 
input variable x i( can be represented by the following formula 11 . 



15 




(formula 11) 



[0147] Therefore, only after 

20 

25 becomes 3, U fg will become larger than the threshold value. 
[0148] Another case will be described next. 

[0149] When the switches are in the initial state 0 is input from input2[3] as the threshold control variable and 0 is 
input to each of inputl [1]~ inputl [3]. Next, the switch A is released and the floating gate ftg is disconnected from the 
ground. After that, in23 is connected to the power supply by the switch B. In this case, the voltage of in23 is changed 
30 from 0 to V dd by switching the switch B. This corresponds to the above-mentioned case of x 23 =1 where the control 
variable is kept continuously input. The relationship between the normalized floating gate voltage U fg and the input 
variable X|, is represented as the following formula 12. 



35 




(formula 12) 



40 Therefore, U fg becomes larger than the threshold value only after (formula) becomes 2. As mentioned above, one of 
two threshold value can be selected by inputting the threshold control variable to input2[3], wherein the selected thresh- 
old value can be retained even if the input from input2[3] is stopped. 

[0150] The structure shown in Fig.15 corresponds to the threshold element TE[3] shown in Fig.8. Each of TE[1]-TE 
[4] which has different threshold values can be realized, for example, by changing the ratio of the capacitance between 
45 the ingnd terminal and the floating gate to the capacitance between the input terminal and the floating gate, or by 
changing connection of the ingnd terminal from the ground to the power supply. 

[0151] For example, for realizing TE[1], the connection of the ingnd terminal is changed to the power supply and the 
capacitance between the ingnd terminal and the floating gate is set to 3C. As for TE[2], the connection of the ingnd 
terminal is changed to the power supply and the capacitance between the ingnd terminal and the floating gate is set 
50 to C. For TE[3], it is mentioned above. For TE[4], the ingnd terminal is connected to the ground in the same way as 
TE[3] and the capacitance is set to 3C. 

[0152] In the threshold elements TE[1]~TE[4] shown in Fig.8, the same init signal can be used for controlling the 
switches in each threshold element. 

[01 53] Each of Figs.1 6 and 1 7 shows examples of the electrical potential driven nonlinear element 1 1 1 , the switch 
55 A and the switch B. 

[0154] In the structure shown in Fig.1 6, a CMOS inverter is used as a nonlinear element, a pass transistor is used 
as the switch A and transmission gates tg1 , tg2 are used as the switch B. In the structure shown in Fig. 17, a resistive 
load type inverter is used as the nonlinear element, a pass transistor is used as the switch A and two input NAND gate 



20 



EP 1 115 204 A2 



is used as the switch B. When using the NAND gate, the threshold control variable value input from input2[3] is a value 
which is logically reversed from the vale used in the structure shown in Fig. 16 so that same effect can be obtained. 
[0155] As mentioned above, a threshold element which can store one of two threshold values selectively can be 
realized. 

5 

(embodiment 1-2) 

[0156] Fig. 18 shows a function reconfigurable semiconductor device wherein nonvolatile memory circuits for storing 
function data are distributed so that each function cell has the nonvolatile memory circuit according to the embodiment 
10 1-2 of the present invention. That is, instead of providing the nonvolatile memory circuit 102 shown in Fig.7, the non- 
volatile memory circuit 1 22 is provided to each function cell 1 21 . The nonvolatile memory circuit 1 22 can be configured 
by an EEPROM circuit, a flash memory circuit, a memory circuit using a ferroelectric material or MRAM. 

(embodiment 1-3) 

15 

[0157] Fig. 19 shows a function reconfigurable semiconductor device wherein nonvolatile memory circuits 132 are 
distributed and provided in the function cells, and no wiring area exists. The wiring area is not necessary since the 
function cells are also used as wiring for the routing of interconnections among them. 

[0158] A realizing method of the wiring for the structure shown in Fig. 19 will be described with reference to Fig.8 and 
20 Fig.20. The structures shown in Fig.20 and Fig. 16 are similar except that switches are added in the structure shown 
in Fig.20. 

[0159] In the structure shown in Fig.20, terminals input1[1]~input1[3] and input2[1]~ input2[4] are configured to con- 
nect to the nonvolatile memory circuit. As mentioned before, by using the init signal shown in Fig.8, the input variables 
input from the terminals input1[1]~ input1[3] are stored. That is, the input status number is fixed as a number. As 

25 described in the embodiment 1-1 , the output value of the function cell is decided by the control variable input to the 
threshold element TE[1] from input2[1] when the input status number is 0, the output value is decided by the control 
variable input to the threshold element TE[2] when the input status number is 1 , the output value is decided by the 
control variable input to the threshold element TE[3] when the input status number is 2, and the output value is decided 
by the control variable input to the threshold element TE[4] when the input status number is 3. That is, by fixing the 

30 input status number, a value is output from the function cell depending on one of the control variables from input2[1]~ 
input2[4]. Therefore, by using one of the output value or a logically reversed value, wiring function can be realized 
wherein the control variable value becomes the value of the function cell. 

[0160] Fig.20 shows a circuit structure of the function cell realizing the above-mentioned function, "initl" is a signal 
terminal which controls switches. Transmission gate tg11a and tg11b constitutes one of the switches which connects 

35 in11 to inputl [1] or the power supply, transmission gate tg12a and tg12b constitutes another switch which connects 
in1 2 to inputl [2] or the power supply, and transmission gate tg1 3a and tg1 3b constitutes another switch which connects 
in13 to inputl [3] or to the power supply. Each of in11~in13 is connected to the floating gate via a capacitance, "init 2" 
has the same function as init shown in Fig.16. That is, "init 2" controls a signal so that in23 is connected to one of 
input2[3] or to the power supply, "init 3" is a terminal for a signal which synchronizes with one of initl and init2. 

40 [0161] When using the function cell as the wiring, input2[3] and in23 are connected by fixing to 1 . "initl" is controlled 
and init3 is synchronized with initl . When assuming that a control variable terminal which is used as the wiring is input2 
[3], a value input to input2[3] is not a variable for controlling logic but a variable which is transmitted. Since input2[3] 
decides the output value of the function cell when the input status number is 2, a value which is logically reversed from 
the input variable which constitutes the input status number 2 is input at the time of initialization of the floating gate. 

45 In the initialization of the floating gate, the floating gate is connected to the ground via the pass transistor. At the time 
of the initialization, logical 0 is input from input2[3]. 

[0162] Next, 0 is input from each of initl and init3, the pass transistor is disconnected from the ground so that the 
floating gate becomes an electrically insulated state. According to this operation, the function cell shown in Fig.20 can 
have a function of wiring. As mentioned above, a circuit can be realized wherein the wiring area is eliminated and the 
50 function cell is used as wiring. 

(embodiment 2-1 ~2-10) 

[0163] In the following, embodiments of the function reconfigurable integrated circuit on the basis of the principle 
55 described in the embodiment 1-1 will be described in detail, in which neuron MOS inverters are used. 
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(embodiment 2-1) 

[0164] In this embodiment, the reconfigurable logic part in the programmable hardware like the LUTs of the config- 
urable logic blocks in the FPGA is configured by a circuit structure which includes two stages of neuron MOS inverters. 

5 The neuron MOS inverter is shown in Fig.21. More precisely, the reconfigurable logic part is configured by a neuron 
MOS circuit which includes n(nfe1) input signal terminals input[1]~input[n] and m(mSl) control signal terminals ctl[1]~ 
ctl[m]. Terminals input[1] ~input[n] correspond to input1[1]~input1[3] shown in Fig.8 and ctl[1]~ctl[m] correspond to 
input2[1] ~input2[4] shown in Fig.8. Each neuron MOS inverter is similar to the threshold element in Fig.8, but, corre- 
sponds to a threshold element which does not include data storing capability. 

10 [0165] As shown in Fig.22, the neuron MOS inverter of the last (second) stage which has an output signal terminal 
is called a main inverter 201 and neuron MOS inverters which are in the first stage are called pre-inverters 202, ,203 
204. In this structure, a desired logic can be decided according to a combination of control signals which are input to 
the pre-inverters 202, 203 204. If there are m control signal terminals, the number of possible combinations of two- 
valued control signal inputs is 2 m . In the following, a method of storing any one of the 2 m combinations without providing 

15 any memory element or memory circuit to the control signal terminal will be described. In addition, circuit examples 
realizing the method will be described. First, a case where two input signals are used will be described. 
[0166] In the beginning, "initial state" of the floating gate of the neuron MOS transistor will be defined. In this em- 
bodiment, following two cases are called "basic initial state". First, the basic initial state is a state where any electric 
charge does not exist in the floating gate of the neuron MOS inverter from the time right after manufacturing so that 

20 the floating gate is in the complete floating state and the sum of capacitances between the floating gate and the input 
terminals are much larger than capacitances between the floating gate and the electrodes of each MOS transistor. 
Second, the basic initial state is a state after following process is performed. That is, first, connect the floating gate to 
the ground while every input terminal is fixed to the ground voltage, then, release the floating gate from the ground so 
that the floating gate is in the floating state. The above-mentioned two cases will be called "basic initial state". 

25 [0167] Next, the case of two input variables will be described as an example. 

[0168] Fig.23 shows a structure based on the structure of Fig.22 where the number of the input signal terminals is 
2 (n=2), the number of the control signal terminals is 3 (m=3) and switches A, B and C are added, which structure 
corresponds to an input part of the main inverter. 

[0169] When a neuron MOS circuit having the input part shown in Fig.23 performs a logic process, assuming that a 
30 combination of necessary control signal voltages when the floating gate is in the basic initial state is represented as 
(Vctl[1],Vctl[2],Vctl[3])=(1,0,1) wherein a normalized voltage which is normalized by a power supply voltage is used. 
This vector representation will be called a function configuration data vector. Each value which is represented by the 
normalized voltage can corresponds to logical 1 or 0. In the structure of Fig.23, the maximum voltage and the minimum 
voltage of the circuit operation are defined to be the power supply voltage and the ground voltage respectively, wherein 
35 the voltages are normalized by the power supply voltage. Instead, it is also possible to use other voltages generated 
in the circuit as the maximum voltage and the minimum voltage. As shown in Fig.23, the switch A is provided between 
the floating gate terminal and the ground terminal of each pre-inverter, and the switch B is provided between each 
control signal terminal and each control signal terminal of the pre-inverter. To distinguish the control signal terminals 
of the pre-inverter side from the control signal terminals (ctl[1], ctl[2], ctl[3]), the control signal terminals of the pre- 
40 inverter side will be called control signal input terminals (ctl[1a], ctl[2a], ctl[3a]). The switch C is provided between the 
power supply and each control signal input terminal. 

[0170] The operation is as follows. First, the switch C is released and the switches A and the switches B are set 
connected. By connecting the switch A to the ground, the normalized voltages of the floating gates of the pre-inverters 
become (Vflt[1],Vflt[2],Vflt[3])=(0,0,0). This vector representation will be called a second vector. Next, ground voltage 
45 is applied to the two input signal terminals input[1], input[2], then, normalized voltages (Vctl[1],Vctl[2],Vctl[3])=(0,1,0) 
which are inverted signals of the control signals necessary when the floating gate is in the basic initial state are applied 
to the control signal terminals ctl[1]~ ctl[3]. This vector representation will be called a third vector. By releasing the 
switches A and B in this state, each pre-inverter is initialized in which normalized voltages of the control signals are 
(Vctl[1],Vctl[2],Vctl[3])=(0,1,0). 

50 [01 71] Next, connect the switches C to the power supply so that all of the control signal input terminals are connected 
to the power supply. At this time, actual normalized voltages of the control signal input terminals of the pre-inverters 
are (Vctl[1a],Vctl[2a],Vctl[3a])=(1,1,1). This vector representation will be called a first vector. Although the actual nor- 
malized voltages are shown above, the normalized voltages are equivalent, from the view point of the floating gates 
of the pre-inverters, to the normalized voltages of the control signals necessary when the floating gate is in the basic 

55 initial state. That is, the function configuration data vector is stored as a difference between the sum of the first vector 
and the second vector, and the third vector. 

[0172] Next, a method which generalizes this method will be described. In the structure shown in Fig.24, voltages 
of m control signals corresponding to m pre-inverters, that is, the voltages of the control signal input terminals ctl[1a]~ctl 
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[ma], and the floating gates flt[1 a]~flt[ma] are defined as follows. The second vector which represents normalized 
voltages of floating gates flt[1 ]~flt[m] is described as a formula 13. 



Vflt^ 



(Vfit[i\ 

Vflt[2] 
Vflt[3] 



Vflt[m\ 



(formula 13) 



[0173] When the switches B are connected and the switches C are released, the third vector Vctl which shows 
normalized voltages which are applied to the control terminals is described as a formula 14. 



Vctl[l] 
Vctl [2] 
Vctl[3] 



Vctl[m\ 



(formula 14) 



[0174] When the switches B and the switches A are set to be released and the switches C are set to be connected, 
that is, when the floating gates flt[1 ]~ flt[m] are in a floating state, the first vector Vctla which shows normalized voltages, 
relative to the ground, of the control signal terminals is described as a formula 15. 



Vctl\la] 
Vctl\2a\ 
Vctl [3a] 



Vctl[{m)a\ 



(formula 15) 



[0175] A vector Vrel which shows relative normalized voltages of the control signal terminals from the viewpoint of 
the floating gates flt[1]~ flt[m] is described as a formula 16. 



Vrel[2] 
Vrel[3] 



Vrel[m\ 



(formula 16) 
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[0176] At this time, the relationship between the vectors can be represented as a following formula 17. 



Vrel=Vctla+Vflt-Vctl (formula 17) 

[0177] When a function configuration data vector which is normalized voltages for function configuration data which 
is desired to store is represented as Vcfg, it can be said that the function configuration data is stored if Vcfg equals to 
Vrel. At this time, the relationship can be represented as a following formula 18. 

Vcfg=Vrel=Vctla+Vflt-Vctl (formula 18) 



[0178] At the time of initialization, that is, when the voltages of the control signal terminals of all pre-inverters are 
fixed at the power supply voltage and the switches A are connected to the ground, the first vector and the second 
15 vector can be represented as following formulas 1 9 and 20 respectively if the voltages of the floating gates flt[1 ]~flt[m] 
of the pre-inverters are fixed to the ground voltage. 



(formula 19) 



Vflt = 



(0\ 
0 
0 



(formula 20) 



40 [0179] Therefore, the third vector which shows normalized voltages at the time of initialization for realizing a logic is 
represented as a following formula 21 . 



Vctl=E+0-Vcfg=Vcrg (formula 21) 

45 

[0180] In this formula, V'crg is a voltage vector where each "1" in Vctl is replaced by "0" and each "0" in Vctl is 
replaced by "1 ". So far, normalized voltages are used for the elements of the vectors. When the normalized voltage is 
two-valued, that is, 1 or 0, the elements of a vector of the function configuration data can be considered as Boolean 
variables. Considering the elements as the Boolean variables, Vctl is an inversion of Vctl. Accordingly, it is understood 
50 that the function configuration data can be stored by inputting an inverted vector of the desired function configuration 
data at the time of the basic initial state when the first vector is E and the second vector is 0. 
[0181] According to the conventional method, since data which constitutes the logic function includes both of 1 and 
0, it is necessary that memory elements or memory circuits store the function configuration data. On the other hand, 
according to the present method, an additional memory element or memory circuit is not necessary for each pre- 
ss inverter. This is because the above-mentioned method adopts a method of fixing the voltages of all control signal 
terminals to a voltage when performing function processing. Therefore, according to the present invention, a combi- 
nation of the control signals for realizing a logic can be stored without providing any new memory element or memory 
circuit other than the neuron MOS circuit when electric power is supplied. 
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[0182] In the following, circuit simulation of the operation of storing the control signal voltages will be described. 
[0183] In the circuit simulation, a neuron MOS circuit which has two input signals and three control signals is used. 
[0184] Fig.25 shows a circuit which is used for the simulation. The circuit shown in Fig.25 is based on one of pre- 
inverters shown in Fig.23. The circuit shown in Fig.25 is configured such that the switch A, B and C shown in Fig.23 

5 are replaced by transmission gates TG-A, TG-B, TG-C respectively and an output buffer is provided at the output 
terminal of the pre-inverter. Each of these transmission gates can be replaced by a pass transistor of a MOS transistor. 
Switching between continuity and interruption of the transmission gates TG-A, TG-B, TG-C is performed by control 
signals applied to transmission gate control signal terminals (cpal.cnal), (cpbl.cnbl) and (cpc2,cnc2) respectively. These 
control signals are generated by signals from an initialization signal terminal init by using standard CMOS inverters. 

10 In this simulation, the control signals are generated by the multistage standard CMOS inverters shown in Fig.25. It is 
also possible to generate each control signal by a different circuit or to supply each control signal from outside. TG-A 
and TG-B conduct or are interrupted in synchronization. TG-C becomes a state which is opposite to the state of TG- 
A and TG-B after a delay time. 

[0185] A method for storing "1", which is the power supply voltage, in the circuit shown in Fig.25 will be described 
15 with reference to Fig.26. At the time 0, each voltage of the input signal terminals input[1], input[2] and the control signal 
terminal ctl[1] is set as the ground voltage, the transmission gates TG-A, TG-B are set to continuity state and TG-C is 
set to interrupted. Then at a time t2(t2>0), TG-A and TG-B are set to the interruption state. Then, TG-C is set to the 
continuity state. After the time t2, the control signal terminal ctl[1 a] becomes the power supply voltage, and the floating 
gate becomes a voltage due to capacitive coupling between the floating gate and the control signal input terminal ctl 
20 [1a]. Further, at the time of t3(t3>t2), the voltage of the input signal terminal input[2] is set to the power supply voltage. 
At this time, two of the three input terminals of the pre-inverter become the power supply voltage. Therefore, the pre- 
inverter outputs a value near the ground voltage which is a inverted voltage of the power supply voltage if the threshold 
voltage of the pre-inverter is set to be about half of the power supply voltage. In this case, the output buffer which is 
added to the pre-inverter only for the circuit simulation outputs the power supply voltage which is inverse of the output 
25 of the pre-inverter. 

[0186] As mentioned above, the floating gate is initialized by using 0 which is an inverted voltage of 1 which is 
necessary for function configuration and the control signal terminal ctl[1a] is connected to the power supply for storing 
the control signals properly. The result of the circuit simulation of this operation is shown in Fig.27. As shown in Fig. 
27, it can be understood that the voltage of the floating gate varies according to the states (continuity or interruption) 

30 of TG-A, TG-B, TG-C, and that the voltage of the floating gate further increases so that the output of the floating gate 
is inverted when the voltage of the input signal terminal input[2] becomes the power supply voltage. 
[0187] In the following, a method of storing a state where the voltage of the control signal is 0 will be described with 
reference to Fig.28. In this case, the state at the time of 0 is the same as the case shown in Fig.26, but the method of 
initialization of the floating gate is different. In Fig.28, the voltage of the control signal terminal ctl[1] is fixed to be the 

35 power supply voltage at the time t1 (0<t1 <t2) when TG-A and TG-B are in the continuity state. At the time t2 after a 
delay time from t1 , each of TG-A and TG-B is interrupted, then TG-C is set to conducting. At this time, the voltage of 
the control signal input terminal ctl[1a] does not vary before and after the time t2. Since the floating gate is connected 
to the ground from the time t1 to the time t2, the voltage of the floating gate is near the ground voltage. At the time t3, 
the power supply voltage is applied to the input signal terminal input[2]. At this time, although the voltage of the input 

40 signal terminal input[2] and the control signal input terminal ctl[1a] are the power supply voltage which is the same as 
the case shown in Fig.26, the output of the pre-inverter dose not change before and after the time t3. The result of the 
circuit simulation of this operation is shown in Fig.29. The result shown in Fig.29 represents a case same as the case 
wherein, after the voltages of the input signal terminals input[1], input[2] and the control signal terminal ctl[1] are fixed 
at the ground voltage so that the floating gate is initialized, the floating gate is disconnected from the ground, then, the 

45 voltage of the input signal terminal input[2] is changed to the power supply voltage. 

[0188] Fig.30 shows an example of the neuron MOS circuit which has the above-mentioned function of storing the 
function configuration data. This circuit is configured such that each switch in the circuit shown in Fig.24 is replaced 
by a transmission gate which is one of electrical switches. These transmission gates switche between conduction and 
interruption according to control signals applied to transmission gate control signal terminals cp1, cp2, cn1, cn2. Each 

50 of the transmission gates can be replaced by a MOS transistor used as a pass transistor. 

[0189] Next, a circuit simulation will be shown, in which a neuron MOS circuit which uses two input signal is used. 
In this circuit simulation, it is shown that the function configuration data storing method of the present invention is 
effective for a function reconfigurable circuit. The neuron MOS circuit used for this circuit simulation is shown in Fig. 
31. The neuron MOS circuit shown in Fig.31 is configured such that transmission gates (TG) 211 for initializing the 

55 floating gate of the main inverter, a pass transistor 21 2 which is connected to the ground and inverters 21 3 having two 
stages for wave shaping are added to the neuron MOS circuit shown in Fig.30. In the circuit shown in Fig.31, the 
inverters 21 2 are located after the pre-inverters 214 and a delay time control circuit 21 5 which includes two transmission 
gates and four inverters is added to the two input terminal of the main inverter 210. In addition, in order to configure a 
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logic, a circuit for the input terminals to connect to the power supply or a circuit for the input terminals to connect to 
the ground is added. 

[0190] In Fig.31, a circuit which uses transmission gates 216 and PMOSFET transistors 217 is called a cell type B, 
wherein the transmission gates 216 connect the control signal terminals ctl[1], ctl[2], ctl[3] to transmission gates and 

5 the transistors 217 connect the control signal input terminals to the power supply. A circuit which does not use the 
transmission gates 216 and the PMOSFET transistors 217 is called a cell type A. As for cell type A, the pre-inverters 
214 are initialized by setting all input terminals to the ground voltage, and, then, setting the floating gate to the ground 
voltage so that the floating gate becomes the floating state. As for the cell type B, the floating gates of the pre-inverters 
214 are initialized according to the method of the present invention in which the function configuration data is stored. 

10 Fig.32 shows a relationship between time and the waveform for each terminal in the case of ceil type A. In the figure, 
the lateral axis indicates time {\isec which means 10" 6 second). The same abbreviation ((isec) will be used in the 
following figures. The vertical axis indicates, from above, logic names, the voltage of ctl[1], the voltage of ctl[2], the 
voltage of ctl[3], the voltage of input[1], the voltage of input[2] and the voltage of the output terminal output. In the 
simulation result shown in Fig.32, the floating gates are initialized during a time when the logic changes. As shown in 

15 this figure, it is understood that desired logic functions are realized by combining the voltages of the control signal 
terminals. 

[0191] Fig.33 shows a relationship between time and the waveform for each terminal in the case of cell type B which 
can store the function configuration data according to the present invention. The vertical axis and the lateral axis is the 
same as Fig.32. In this case shown in Fig.33, the floating gate is initialized during a period when a logic function 

20 executed in the circuit is changed. For the initialization of the floating gate, a set of voltages are applied to the control 
signal terminals ctl[1]~ctl[3]. The set of voltages is a set of the logically reversed voltages of the voltages applied at 
the time of the basic initial state of the floating gate and the voltages applied in the circuit shown in Fig.32. In actual 
signal processing, each control signal terminal is disconnected from the input terminal of the floating gate side of the 
pre-inverter in which the input terminal of the floating gate side is connected to the power supply. The same logic 

25 functions as those of Fig.32 are realized in the case shown in Fig.33. Thus, it is understood that the function configu- 
ration data which is input to the control signal terminals is stored according to the present invention. 
[0192] As mentioned above, according to the embodiment 2-1, a function configuration data storing method and 
circuit structures which use the method are described, wherein two stage structure of neuron MOS transistors is used. 
It can be easily estimated that not only the two stage structure but also a multistage structure of the neuron MOS 

30 transistors can store the function configuration data according to the method of the present invention. 

(embodiment 2-2) 

[0193] Fig.34 shows an example of an integrated circuit in which logical values of the floating gates of the pre- 
35 inverters and the main inverter are inverted values of the integrated circuit shown in Fig.31 . As for the integrated circuit 
shown in Fig.34, the value of each element of the first vector is logical 0, that is, the ground voltage electrically. The 
value of each element of the second vector is logical 1 , that is, the power supply voltage electrically. In Fig.34, the 
integrated circuit is called a cell type C when transmission gates which are connected to the control signal terminals 
otl[1], ctl[2], ctl[3] and NMOSFETs 241 which connect the transmission gates with the ground are not included. The 
40 integrated circuit is called a cell type D when the transmission gates and the NMOSFETs 241 are included. The inte- 
grated circuit of the cell type D can store the function configuration data in a steady state. As for the cell type C, the 
voltages of input terminals input[1] and input[2] for every neuron MOS inverter are set at the power supply voltage for 
initializing the floating gates. This state is the basic initial state. Fig.35 shows a voltage waveform which is the result 
by circuit simulation in the case of the cell type C. The lateral axis indicates time and the vertical axis the voltage of 
45 each control signal terminal. In the simulation, desired logic functions are realized by changing the voltages of the 
control signal terminals. 

[0194] Fig.36 shows a voltage waveform which is the result of the circuit simulation in the case of the cell type D, 
wherein voltages which are logically inverted from voltages which should be applied continuously to the control signal 
terminals in cell type C are applied at the time of initialization of the floating gates. That is, an inverted vector of a 

50 function configuration data vector is used as the third vector. It can be understood from Fig.36 that the function con- 
figuration data is stored so that the same logic functions as those of cell type C are realized. 
[0195] In the case of Fig.36, the voltage of each of the control signal terminals ctl[1], ctl[2], ctl[3] is set to the power 
supply voltage during the time when a logical process is performed. However, as is understood from Fig.34, since the 
control signal terminals are disconnected by the transmission gates, the voltage may take any value other than the 

55 power supply voltage. 

[0196] Fig.37 shows the example. That is, Fig.37 shows the result by circuit simulation using the cell type D, wherein 
the voltage of each of ctl[1], ctl[2], ctl[3] is set to the ground voltage during the time of performing a logical process. 
That is, the voltages of the control signal terminals ctl[1] ~ctl[3] are set to the ground voltage except when the initiali- 
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zation is performed. It is shown that the waveform of the output terminal shown in Fig.37 is the same as the waveform 
of the output terminal shown in Fig. 36. 

[0197] Therefore, not only the method of the embodiment 2-1 but also the method of the embodiment 2-2 can be 
used. According to the embodiment 2-1, logical 1 is used as the element of the first voltage vector, logical 0 is used 
5 as the element of the second voltage vector and logically inverted data of the function configuration data of the basic 
initialization state is used as the third voltage vector. On the other hand, according to the embodiment 2-2, logical 0 is 
used as the element of the first voltage vector and logical 1 is used as the element of the second voltage vector. 

(embodiment 2-3) 

[0198] Fig.38 shows a circuit structure example in a case where a voltage for initializing a floating gate terminal fgm 
of the main inverter and each voltage for initializing the floating gate terminals fgp of the pre-inverters are different. In 
the case shown in Fig.38, a main inverter initializing circuit 281 is added to an input signal terminal instead of an output 
of the pre-inverter which is the case of Fig.31. The main inverter initializing circuit 281 includes a transmission gate 

15 and an NMOSFET which control the voltage of the input terminal of the main inverter when the floating gate of the 
main inverter is initialized. The reason is that the output of the pre-inverter can be used for initialization of the floating 
gate terminal of the main inverter since the initialization voltage of the floating gate terminal of the pre-inverter is an 
inversion of the initialization voltage of the floating gate terminal of the main inverter. Therefore, logical values of the 
output of the pre-inverter and the floating gate terminal voltage are the same when initialization is performed. When 

20 the same voltage as that used in the circuit of Fig.31 is used as the voltage of the input signal terminal input[1] and 
input[2], the above-mentioned additional circuit becomes necessary. Because, the voltage is logical inversion of the 
floating gate voltage of the main inverter when initialization is performed. It can be easily estimated that the additional 
circuit can be not only the NMOS type as shown in Fig.38 but also a PMOS type. 

[0199] In the same way as shown in Fig.31 and Fig.34, a circuit which includes transmission gates and PMOSFETs 
25 after the control signal terminals is called a cell type F, and a circuit which does not include transmission gates and 
PMOSFETs is called a cell type E. Fig.39 shows a result by circuit simulation of the cell type E. In Fig.39, the lateral 
axis indicates time and the vertical axis indicates voltages of each terminal. In this case, the floating gate terminals 
are initialized at the time of reconfiguring the function. Fig.39 shows that the voltage of the floating gate terminal fgm 
of the main inverter is in "high level" and the voltage of the floating gate terminal fgp of the pre-inverter is in "low level". 
30 In addition, it is necessary to apply the function configuration data continuously for the cell type E. On the other hand, 
according to a result by circuit simulation of the cell type F as is shown in Fig.40, the same logic functions are realized 
by inputting inverted data of the function configuration data of the cell type E once at the time of floating gate initialization. 
[0200] As mentioned above, the method of the present invention is effective not only when the same voltages are 
used for initializing the floating gate terminal of the main inverter and the floating gate terminals of the pre-inverters 
35 but also when different voltages are used. In addition, it can be easily understood that the circuit of the same function 
can be realized by using the initialization method of applying logical 0 to the floating gate terminal of the main inverter 
and applying logical 1 to the floating gate terminals of the pre-inverters, that is, applying voltages inverted from the 
voltages used in this embodiment to the floating gate terminals of the main inverter and the pre-inverters. 

40 (embodiment 2-4) 

[0201] Fig.17 shows a circuit structure example according to the embodiment 2-4. In the circuit structure, not only 
voltages of the control signal terminals ctl[1], ctl[2], ctl[3] but also the voltages of the input signal terminals input[1] and 
input[2] are used as the function configuration data when the floating gates of the neuron MOS inverters are initialized. 

45 In this case, the initialization voltage of the floating gate of the main inverter is different from the initialization voltages 
of the floating gates 312 of the pre-inverters. Different points from the circuit shown in Fig.31 are that the floating gate 
terminal fgm of the main inverter 310 is connected to the power supply via a PMOSFET 313 so as to connect or 
disconnect to the power supply, and that the transmission gates 211 and the NMOSFET 212 are not included after the 
output terminal of each pre-inverter. The reason for excluding the transmission gates 211 and the NMOSFET 212 is 

50 the same as that described in the embodiment 2-3. 

[0202] In the following, the principle of the operation of the circuit shown in Fig.41 will be described. When the floating 
gate fgm of the main inverter is initialized by the power supply voltage, the voltage of the floating gate terminal fgp of 
each pre-inverter is set to the ground voltage. At this time, the output of each pre-inverter is the power supply voltage. 
In addition, at the time of initialization of fgm, the power supply voltage is applied to the input signal terminals input[1] 

55 and input[2]. Accordingly, fgm can be initialized while all input terminals (gate electrodes) of the main inverter are in 
the power supply voltage. When the voltage of the floating gate fgm becomes a voltage which can be regarded as the 
power supply voltage, fgm is disconnected from the power supply so that the floating gate becomes the floating state. 
After completing initialization of the floating gate fgm of the main inverter, initialization of the floating gate of each pre- 
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inverter is performed in the same way as that shown in Fig.31 . At this time, the ground voltage is used for the voltage 
of the input signal terminals. 

[0203] Next, the initialization of the fgm will be described by using a vector notation each element of which vector is 
an input terminal voltage of the main inverter which is normalized by the power supply voltage. In this description, the 
5 voltage of fgm is extended to a vector which includes elements of the number of the input terminals of the main inverter 
in which all elements have the same value as a value of the fgm. Therefore, the vector Vfgm at the time of initialization 
is represented as the following formula 22, in which E is a unit vector. 
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[0204] This corresponds to the second vector in the embodiment 2-1 . 
20 [0205] Next, a vector notation Vinit of the input terminal voltages of the maim inverter at the time of initialization 
represented as the formula 23. 
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(formula 23) 



In this embodiment as shown in Fig.41, let us assume that terminals which apply input voltages, which reflect the 
voltages of input[1] and input[2], directly to the main inverter are represented as minput[1] and minput[2] respectively, 
35 and that each of the normalized voltages are represented as Vminput[1] and Vminput[2], and terminals which apply 
input voltages, which reflect the output voltages of preinv[1], preinv[2] and preinv[3], directly to the main inverter are 
represented as mpreinv[1], mpreinv[2] and mpreinv[3] respectively. This vector corresponds to the third vector of the 
embodiment 2-1 . 

[0206] When the main inverter performs a logic process, if a normalized voltage of an input terminal with respect to 
40 the floating gate of the main inverter is represented as Vrel and the actual normalized voltage is represented as Vin, 
the relationship can be represented as the following formula 24, in which Vin corresponds to the first vector of the 
embodiment 2-1 . 



45 Vrel=Vin+Vfgm-Vinit=Vin+E-E 

=Vin (formula 24) 

[0207] According to the formula 24, it is understood that the same logical process as that of Fig.31 can be performed 
so by using the same input terminal voltage as that of Fig.31 . Because, the normalized voltage of the input terminal of 
the main inverter with respect to the floating gate terminal is the same as the normalized voltage which is actually 
applied to the input terminal. The same logic functions can be realized in different circuits by combining voltages for 
initialization appropriately. 

[0208] Fig.42 shows a circuit simulation result by using a cell type G in which it is necessary to apply function con- 
55 figuration data continuously to each pre-inverter, and Fig.43 shows a circuit simulation result by using a cell type H 
which can store the function configuration data by initializing the floating gate of the pre-inverters. From the voltages 
of the control terminal voltages and the output terminal shown in Fig.42 and Fig.43, it can be understood that the 
function configuration data is stored at the time of logic processing according to the present invention. 
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[0209] As mentioned above, the circuit can be simplified by including the voltage of the input terminals as the function 
configuration data at the time of initialization of the floating gate terminals. In addition, the same logic functions can be 
realized by different circuit structures. 

[0210] On the other hand, it can be easily understood that different logic functions or functions besides Boolean 
5 functions can be realized by using different voltages for initialization even when the same circuit structures and the 
same input signals are used. 

(embodiment 2-5) 

10 [0211] Fig.44 shows a circuit which includes at least one function unit which is a basic unit for performing a function 
process, wherein the function unit consists of one or more neuron MOS transistors according to this embodiment. In 
the following, a procedure for initializing the floating gate terminals of the neuron MOS transistors will be described. In 
this embodiment, the circuit shown in Fig.31 of the embodiment 2-1 is used as the function unit. As for the circuits 
shown in Figs.31 , 34, 38 and 41 , the initialization of the floating gate terminals of the three pre-inverters is performed 

is simultaneously. However, the initialization is not necessarily performed simultaneously, and it can be performed inde- 
pendently. In the case shown in Fig.44, three function units are included in the circuit, in which main inverters and pre- 
inverters are divided into five blocks, that is, an A block, a B block, a C block, a D block and a D block. In each block, 
the initialization of the neuron MOS transistors is performed simultaneously. Dividing the circuit into blocks can be 
performed arbitrarily by request of a system which includes the function units. Since the initialization of the neuron 

20 MOS transistors in the function unit can be performed independently, various input methods can be used for the function 
configuration data. As for the system including the function units, a control circuit for initialization can be simplified so 
that control becomes easy and the circuit becomes small. 

(embodiment 2-6) 

25 

[0212] Fig.45 shows a circuit including neuron MOS inverters of two stage structure for processing two input signals 
according to the embodiment 2-6. Comparing with the circuit of Fig.41 , control signal terminals ctl[1]~ctl[3] are deleted, 
instead, a switch which connects a terminal to the power supply or the ground is provided in each terminal. In this 
embodiment, signals equivalent to the control signals are applied to each pre-inverter at the time of initialization. In 

30 the circuit shown in Fig.45, three pre-inverters are indicated as preinv[1], preinv[2], preinv[3] respectively, the floating 
gate terminal fgp[1] of preinv[1] is connected to the ground via an NMOS transistor nmosp[1], the floating gate terminal 
fgp[2] of preinv[2] is connected to the ground via an NMOS transistor nmosp[2], and- the floating gate terminal fgp[3] 
of preinv[3] is connected to the ground via an NMOS transistor nmosp[3]. In addition, terminals corresponding to the 
control signal terminals of preinv[1], preinv[2], preinv[3] in Fig.41 are connected to the power supply or the ground by 

35 switch[1], switch[2], switch[3] respectively in Fig.45. In this circuit, the floating gate terminals fgm, fgp[1], fgp[2] and 
fgp[3] are initialized at a zeroth time to, a first time t1 , a second time t2, a third time t3 respectively, wherein t0<t1 <t2<t3 
in this embodiment. At to, both of the input signal terminals input[1] and input[2] are in the power supply voltage, and 
fgp[1], fgp[2], fgp[3] are connected to the ground via nmosp[1], nmosp[2], nmosp[3] respectively. 
[0213] In this embodiment, voltages equivalent to the control signal voltages which are applied to ctl[1], ctl[2], ctl[3] 

40 in the cell type H of Fig.41 for initialization are unfolded in time-axis by the input signal terminal input[1] for initialization 
in this embodiment. Fig.46 shows another example in this embodiment in which a common control signal input terminal 
for all pre-inverters is provided instead of switch[1]-switch[3]. In this circuit shown in Fig.46, the pre-inverters preinv 
[1]~ preinv[3] are initialized by applying a following signal to the swsignal terminal. The signal becomes the power 
supply voltage at the time of applying a control signal to an NMOSFET which conducts at the earliest time among 

45 NMOSFETs nmosp[1 ]~nmosp[3], and becomes the ground voltage at the time of applying a control signal to an NMOS- 
FET which is interrupted at the latest time among nmosp[1]~nmosp[3]. 

[0214] In the following, initialization of the floating gates of the pre-inverters will be described in detail with reference 
to Fig.45. 

[0215] By the time t1 , each of nmosp[1], nmosp[2] and nmosp[3] conduct and each of switch[1], switch[2] and switch 
50 [3] is connected to the ground. At the time t1 , a voltage which is equivalent to the control signal voltage which is applied 
to preinv[1] in the cell type H of Fig.41 is applied from input[1]. At this state, nmosp[1] is interrupted, and switch[1] is 
disconnected from the ground and connected to the power supply. According to this process, initialization of fgp[1] is 
completed. Next, from the time t1 to the time t2, nmosp[2] and nmosp[3] conduct, and switch[2] and switch[3] are 
connected to the ground. At the time t2, a predetermined voltage is applied from input[2] in the same way as initialization 
55 of preinv[1]. At this state, nmosp[2] is disconnected and switch[2] is disconnected from the ground and connected to 
the power supply. At the time t3, the same process is performed for preinv[3]. 

[0216] Fig.47 shows a circuit simulation result for verification of the above-mentioned circuit operation. From Fig.47, 
it is understood that the same result as that shown in Fig.43 is obtained by applying voltage waveforms shown in Fig. 
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47 to input[1] during the time of initialization for reconfiguring a function, in which Fig.43 shows the simulation result 
of the cell type H circuit of Fig.41. In this circuit simulation, time-division signals are input to input[1] for generating a 
logic function. It is also possible that time-division signals are input to input[2] for generating a logic function. In addition, 
it is also possible that input signals are divided to the input signal terminals input[1] and input[2], further, each of the 
5 divided signals can be time-divided. That is, signals for function configuring can be input by dividing in time and space 
which correspond to floating gate initialization time and input terminals. . 

[0217] As mentioned above, by initializing the floating gate of each pre-inverter independently of one another, it 
becomes possible that function configuration data is input from the input signal terminals after the data being expanded 
in time-axis. By using an integrated circuit in which a plurality of the circuits shown in Fig.45 is connected, the number 

10 of control signal terminals can be decreased and the area for realizing the integrated circuit becomes small. 

[0218] Generalizing the behavior of the signal used for generating a logic function or a function besides Boolean 
functions at the time of initialization of the floating gate of the neuron MOS transistor in this embodiment and in the 
embodiment 2-4, the signal can be expanded in time and space in which the time corresponds to the initializing time 
of the floating gate and the space corresponds to a plurality of input terminals of the neuron MOS transistors. 

15 [0219] Figs.48A-48C show a concept in that the signal is expanded in time and space. When n (a positive integer) 
signals are required for generating a logic function or a function besides Boolean functions, n input terminals and n 
divided times, at the maximum, are prepared in the initialization time. The terminals and/or the times can be under n 
since n input terminals and n divided times are not necessarily required according to a method of signal expansion. 
[0220] Fig.48A corresponds to the embodiment 2-4. That is, in the embodiment 2-4, the floating gates of the three 

20 pre-inverters are initialized simultaneously. Fig.48B corresponds to the embodiment 2-6. That is, in the embodiment 
2-6, the signal for generating functions is input to input[1]. Fig.48C corresponds to a method wherein the signal for 
generating a logic function or a function besides Boolean functions is dispersed in time and space. Thus, the signal 
for generating a logic function or a function besides Boolean functions can be input by various method so that flexibility 
of control can be improved. 

(embodiment 2-7) 

[0221] Figs.49A and 49B shows that voltages can be stored not only as two-valued data but also as continuous 
values. Fig.49A shows a circuit of a neuron MOS inverter having three input terminals, in which the floating gate terminal 
30 fit is connected to the ground by setting the NMOSFET to continuity state by applying a signal into a gate electrode ck 
of the NMOSFET. The three input terminals are input[1], input[2] and input[3] each of which is connected to fit via each 
of capacitances C,, C 2 and C 3 respectively. The fit is connected to the NMOSFET, wherein ck is the gate electrode of 
the NMOSFET, an output terminal of the neuron MOS inverter is "preout", an output terminal of an output buffer is 
"output". 

35 [0222] Fig.49B is a circuit diagram which shows capacitance components of a p-type neuron MOS transistor and an 
n-type neuron MOS transistor which form the neuron MOS inverter of Fig.49A, capacitance components of the NMOS- 
FET which connects fit to the ground, and a switch corresponds to a current source equivalent circuit of the NMOSFET. 
In addition, C p1 and C p3 are gate overlap capacitance values of the p-type neuron MOS transistor, C p2 is an intrinsic 
capacitance value between fit and an area in which channel is formed, C n1 and C n3 are gate overlap capacitance 

40 values of the n-type neuron MOS transistor, C n2 is an intrinsic capacitance value between fit and an area in which 
channel is formed. Further, C nj is a capacitance value between the drain of the NMOSFET which connects fit to the 
ground and the substrate (or well), C nc is the gate overlap capacitance value. When assuming that voltages of input 
[1], input[2] and input[3] are V 1t V 2 and V 3 respectively, the voltage of fit is V m , the power supply voltage is V dd , the 
ground voltage is V ss , the voltage of preout is V pre and the voltage of the gate electrode ck is V ck , a charge amount 

45 Q flt of fit can be represented by the following formula 25. 

+fp«+cJr,-v M ) 

+fo,+cJ(K y ,,-K,J (formula 25) 



[0223] When assuming that the ground voltage V ss is 0, V ck =V dd which means the NMOSFET conducts, V {lt =V ss =0, 



EP 1 115 204 A2 



and that fit is initialized by using the ground voltage, the charge amount which is accumulated in fit is obtained as follows. 
[0224] At the time of initialization, the p-type neuron MOS transistor conducts so that V pre =V dd . The charge amount 
Q(init) m which is accumulated in fit is represented by the following formula 26, wherein the voltages of the input terminals 
input[1], input[2] and input[3] are represented as V(init) 1 , V(init) 2 and V(init) 3 respectively at the time of initialization. 



Q{init\, — | Jj C, -Viinitl + (C pl + C p2 +C p3 + C ni + C„ c )-V M J ( formula 2 6 ) 

10 

[0225] When the NMOSFET is disconnected to the ground so that fit becomes in the floating state, the voltage of fit 
is determined by dividing the electrical charge, which is accumulated at the time of initialization, into each of the ca- 
pacitances. When each voltage of input terminals of the neuron MOS inverter is represented as V,, following formulas 
27, 28 and 29 are obtained, wherein V ss =0 and V ck =0. 

15 

+{c Hl +c pl ){v Jb -v pn ) 
+c nc -v fll 



(formula 27) 



(formula 28) 



C latal =yC i+ {C pl+ C p2 +C p3 ) + C nl+ C nc (formula 29) 

35 « 

[0226] Whether the logic value of the neuron MOS inverter is inverted or not is determined according to whether V m 
represented by the formula 28 exceeds a threshold or not. A physical quantity for controlling V m is the sum of products 
of the capacitance values of the input terminals and a voltage difference, in which the voltage difference is between a 

40 voltage of fit at the time of initialization and the voltage of fit at the time of floating state. That is, the basic physical 
quantity for controlling the neuron MOS inverter is the electrical charge amount. Therefore, changing the capacitance 
values of the input terminals has the same effect as that of changing the voltage difference for controlling the neuron 
MOS inverter. In addition, it is understood, from the formula 28, that any values as well as two-valued values can be 
used for voltages which are used. Further, When the sum of C, is much larger than each of C p |, C n | and C nc , V m can 

45 be represented as follows. 



so ™ al " (formula 30) 

55 [0227] Fig.50 and Fig.51 shows circuit simulation results which shows that continuous voltage values can be stored. 
In these simulation, the circuit shown in Fig.49A is used, wherein the capacitance values G,, C 2 , C 3 of each input 
terminal are the same and the value is C (C»C p2 , C p3 ) which satisfies the relationship shown in the formula 30. In 
addition, the threshold value is near 1/2 of the power supply voltage (V dd ). 
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[0228] The simulation result shown in Fig.50 is obtained as follows. At the time of initialization, the power supply 
voltage is applied to ck so that the NMOSFET which connects fit to the ground conducts, the voltage of input[1] is set 
to V dd and the voltages of input[2] and input[3] are set to the ground voltage. After the initialization, the voltage of input 
[1] is kept at the power supply voltage. Next, the voltage of input[2] is set at the power supply voltage, in addition, the 
voltage of input[3] is set at the power supply voltage. In this case, the charge amount Q(init) m at the time of initialization 
is C'V dd . The charge amount Q flt at the time when the voltage of every terminal becomes V dd is 3C V dd and V flt can be 
represented by the following formula 31 . 



10 v m = V dd > (formula 31 ) 

[0229] Fig.50 shows that the voltage of the output terminal is inverted after voltages of all input terminals become 
the power supply voltage. In addition, Fig.50 shows that V m increases by a voltage value which is caused by the 
15 difference of charge amount between an charge amount at the time of initialization and an charge amount at each time. 
[0230] As for the simulation result of Fig.51, fit is initialized by applying (5/8)V dd to input[1], applying (1/4)V dd to 
input[2] and applying (1/8)V dd to input[3]. In this case, the charge amount at the time of initialization can be represented 
by the following formula 32. 

20 /S 1 1\ 

Q{init) fll =C- J-Kw-C-Km (formula 32) 

[0231] In the same way shown in Fig.50, the output terminal is inverted after the time when the voltages of all the 
25 input terminals become the power supply voltage. At this time, the voltage of fit can be represented by the following 
formula 33, 



V m = l v dd>^ (formula 33) 

30 13 * 

which is the same as that of the simulation shown in Fig.50. Accordingly, it is understood that the voltages of the input 
terminals can be stored as continuous values. 

35 (embodiment 2-8) 

[0232] The circuit structure shown in Fig.52 is similar to that shown in Fig.31 . Between the circuits shown in Fig.52 
and Fig.31 , capacitance values between each input terminal and the floating gate are different. According to the circuit 
shown in Fig.52, any Boolean function of two input variables (two-valued) can be easily generated by storing multiple- 

40 valued values or continuous values in the circuit. 

[0233] The principle of the operation of this circuit is the same as that of the cell type B shown in Fig.31 . That is, 
control signals are applied to the control signal terminals temporarily. Then, after the floating gates are operated by a 
predetermined process, the control signal terminals are connected to the power supply. Accordingly, the control signal 
values are stored by the neuron MOS transistors. The difference between the circuits shown in Fig.52 and Fig.31 is 

45 that multiple-valued values or continuous values are used for the control signal in the circuit shown in Fig.52. 

[0234] There are following methods for supplying the multiple-valued voltages or the continuous voltages used for 
the signal which configures the function capability. One method is that voltages generated by multiple power supplies 
in the outside of the circuit of the present invention are supplied directly as the multiple-valued voltages. Another method 
is that analog voltages generated by an analog circuit in the outside of the circuit of the present invention are supplied 

50 directly. Even another method is that an impedance network provided in the integrated circuit generates and supplies 
the multiple-valued voltages or the continuous voltages. 

[0235] In the following, the impedance network will be described with reference to Figs.53 and 54. 
[0236] Fig.53 shows a structure of a circuit in which the multiple-valued voltages are generated by using a first voltage 
(V.,) and another set voltage (V 2 ) which are supplied from the outside or are generated in the inside, and supplied to 
55 a ctl terminal which is one of the input terminals of the neuron MOS inverter. 

[0237] As shown in Fig.53, the circuit is configured such that the terminal A and the terminal B are connected via k 
resistance elements R[1], R[2], R[3], ", Rfk-1] and R[k], and, terminals of each resistance element and the ctl terminal 
are connected via switches sw[1], sw[2], sw[3], sw[4], ", sw[k-1], sw[k] and sw[k+1], wherein the first voltage is applied 
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to the terminal A, the second voltage is applied to the terminal B and V 1? tV 2 is satisfied. In the circuit, if only sw[1] is 
connected, the voltage of the ctl terminal is V.,, and if only sw[k+1] is connected, the voltage of the ctl terminal is V 2 . 
[0238] In the following, the operation of this circuit will be described. 

[0239] A switch sw[h] is selected from k-1 switches of k+1 switches excluding sw[1] and sw[k+1] and is connected, 
wherein 2§h§k is satisfied. By performing this operation, the voltage of the ctl terminal becomes V ct | as shown below. 



10 




(formula 34) 



[0240] The formula 34 shows that the multiple-valued voltage can be generated when the voltage used for the first 
voltage and the voltage used for the second voltage are two different voltages used in the integrated circuit. 
15 [0241] In the circuit shown in Fig.53, resistance elements which have constant resistance are used. Instead, resist- 
ance elements which have variable resistance such as MOS transistors can also be used. In addition, the switches 
can be replaced by transmission gates, pass transistors, multiplexer circuits or the like. 

[0242] Fig.54 shows a structure of a circuit in which the multiple-valued voltages are generated by using a first voltage 
(V.,) and another set voltage (V 2 ) which are supplied from the outside or are generated in the inside, and supplied to 

zo the ctl terminal which is one of the input terminals of the neuron MOS inverter. In this circuit, \A|>\/ 2 is assumed. As 
shown in Fig.54, a first voltage is applied to the terminal A and a second voltage is applied to the terminal B. The circuit 
includes k capacitances C[1 ], C[2], '", C[k-1] and C[k] between the terminal A and the terminal B, wherein capacitances 
C[1], C[2], ■", C[k-1] and C[k] have switches sw[1], sw[2], sw[3], sw[4], -, sw[k-1] and sw[k] respectively, one terminal 
of the capacitance is connected to the terminal B and another terminal is connected to one terminal of a switch swa 

25 via the switch. The switch swa is connected to the terminal A or to the ctl terminal which is one of input terminals of 
the neuron MOS inverter. 

[0243] In the following, the operation of this circuit will be described. 

[0244] First, the switch swa is connected to the terminal A and the switches sw[1], sw[2], sw[3], sw[4], •", sw[k-1] are 
set for continuity. After all capacitances are charged, the switch swa is disconnected from the terminal A and the 
30 switches sw[1], sw[2], sw[3], sw[4], ™, sw[k-1] and sw[k] are disconnected. At this time, only a switch sw[h] among the 
switches is set to conducting and the swa is connected to the ctl terminal. Assuming that a capacitance value between 
the ctl terminal and the floating gate of the neuron MOS inverter is C cU and that electrical charge is not accumulated 
in the capacitance before the switch swa is connected to th ctl terminal, the voltage V ctl of the ctl terminal due to the 
above-mentioned operation is represented by the following formula 35. 



v c« = cwk„ v i (formula35) 

40 [0245] The formula 35 shows that the multiple-valued voltages can be generated by changing the capacitance values 
of the k capacitances when the first voltage and the second voltage are different voltages used in the integrated circuit, 
that is, two-valued voltages. In the circuit shown in Fig.54, each capacitance may be configured as a capacitance 
network which includes series-parallel connected capacitances. In addition, the switches can be replaced by transmis- 
sion gates or pass transistor or the like. 

45 [0246] Fig.55 and Fig.56 show circuit simulation results in which multiple-valued voltages are stored in the circuit 
shown in Fig. 52 so that functions are generated. Fig.55 shows a simulation result of generating symmetric functions. 
Fig.56 shows a simulation result of generating unsymmetric functions by changing control signals. In Figs.55 and 56, 
the lateral axis indicates time (usee) and the vertical axis indicates voltages of each terminal. In the simulation shown 
in Fig.56, eight functions are generated which are shown on the graph as eight intervals. The meaning of each interval 

50 is shown in Fig.57. Each meaning is shown as a Boolean expression in which X., is a value of input[1], X 2 is a value 
of input[2], and X' 2 are logically inverted values of Xi and X 2 . 

[0247] As shown in this embodiment, the number of functions which can be generated increases without increasing 
the size of the integrated circuit by storing multiple-valued values or continuous values which are provided temporarily. 
Therefore, the capability of the integrated circuit is improved easily. 

55 

(embodiment 2-9) 



[0248] Fig. 58 shows a structure of a neuron MOS circuit according to an embodiment 2-9. According to the embod- 
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iment 2-9, any logic function of two input variables can be generated by applying multiple-valued values or continuous 
values to input signal terminals and control signal terminals and by storing the values when the floating gates of the 
main inverter and the pre-inverters. 

[0249] The circuit shown in Fig.58 is the same capability as that shown in Fig.52, however, the circuit shown in Fig. 
5 58 requires smaller number of pre-inverters than that of Fig.52. Therefore, it becomes possible to decrease circuits of 
the pre-inverters and circuits which accompany the pre-inverters. The operation for the circuit shown in Fig.58 is the 
same as that for the cell type B shown in Fig. 31 except for following points. 

[0250] In the operation procedure for the circuit shown in Fig.58, predetermined multiple-valued voltages are applied 
to the input signal terminals input[1] and input[2] when the floating gate of the main inverter is initialized, and, the 
10 multiple-valued voltages are applied to the control signal terminals ctl[1] and ctl[2] when the floating gates of the pre- 
inverters are initialized. 

[0251] Fig. 59 and Fig. 60 show circuit simulation results according to this embodiment, in which it is verified that the 
circuit shown in Fig.58 can generate any logic function of two-valued two input variables. In Fig. 59 and Fig.60, the 
lateral axis indicates time (|isec) and the vertical axis indicates voltages of each terminals. Fig.59 shows a simulation 
15 result for verification of realizing symmetric functions, in which the names of logic are shown. In the simulation shown 
in Fig.60, eight functions are generated which are shown on the graph as eight intervals. The meaning of each interval 
is shown in Fig.61. Each meaning is shown as a Boolean expression in which X, is a value of input[1], X 2 is a value 
of input[2], X'., and X' 2 are logically inverted values of X., and X 2 . 

[0252] According to this embodiment, input two-valued values are changed to multiple-valued values or continuous 
20 values by using multiple-valued values or continuous values which are stored at the time of initialization. Thus, the 
number of transistors is further decreased comparing with the embodiment 2-8. 

(embodiment 2-10) 

25 [0253] In an embodiment 2-1 0 shown in Figs.62A - 62D, multiple-valued values or continuous values are represented 
by using time during which the voltage is applied instead of using voltage values as in the embodiment 2-8. That is, 
two-valued voltage values are applied, wherein time widths (voltage pulse widths) during which time widths voltages 
are applied are controlled for representing the multiple-valued values or continuous values. 

[0254] Fig.62A shows a circuit diagram equivalent to a main component of one of input signal terminals of a neuron 
30 MOS transistor. As shown in Fig.62A, the main component is a series connection of a resistance and a capacitance. 
In the case of applying the power supply voltage V dd to this circuit, transient characteristics of the capacitance voltage 
V(t) and the charge amount Q(t) which is accumulated in the capacitance are represented by the following formulas 
36 and 37, wherein R is the value of resistance, C is the value of the capacitance and an initial voltage V 0 =0. 

35 




(formula 36) 



Q{thC-V M '\l-exp(-—\] (formula 37) 



45 

[0255] Fig.62B shows the transient characteristics of the charge amount represented by the formula 37 when the 
power supply voltage is V dd and 0.5V dd . In Fig .62B, the lateral axis indicates time and the vertical axis indicates voltages 
which are normalized by V dd . In Fig.62B, the upper curve shows the case of V dd , and the lower curve shows the case 
of 0.5V dd . in the circuit shown in Fig.52, when multiple-valued voltages are applied to the control signal terminals, the 

50 time taken for reaching the saturation point in the case of 0.5V dd in Fig.62B is used. 

[0256] Assuming that teq is a time taken for accumulating a charge amount, by using the power supply voltage V dd , 
which is the same as the charge amount at the saturation point in the case of 0.5V d , a state equivalent to the state in 
which the charge is accumulated to the saturation point by using 0.5V dd can be realized by disconnecting from the 
power supply at the time of teq. This equivalency is shown in Figs.62C and 62D. The accumulated charge amount 

55 shown in Fig.62C can be the same as the accumulated charge amount shown in Fig.62D, wherein the accumulated 
charge amount shown in Fig.62C is accumulated in the capacitance by applying 0.5V dd for over a period (t>1 ) and the 
accumulated charge amount shown in Fig.62D is accumulated in the capacitance by applying V dd for a predetermined 
period (t=teq). 
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[0257] Figs.63A and 63B show neuron MOS inverters based on the above-mentioned idea. Fig.63A shows one of 
the pre-inverters of Fig.52. In this pre-inverter, the multiple-valued voltage is applied to the ctl terminal when the floating 
gate is initialized. After the initialization, the connection is switched to the power supply and the multiple-valued voltage 
is stored in the floating gate. As for the neuron MOS inverter shown in Fig.63B, a charge amount can be accumulated 
5 by using the method in which the time for applying the voltage is controlled as shown in Fig.62D. By using the voltage 
which is applied to the control signal terminal ctl, the input terminal ctla is connected to or disconnected from the power 
supply or the ground. This switching part can be regarded as a standard CMOS inverter. 

[0258] Fig. 64 shows a result by circuit simulation in which different functions are generated by applying three multiple- 
valued voltages to the control signal terminal ctl shown in Fig.63A for initialization. In Fig.64, the lateral axis indicates 
10 time (usee) and the vertical axis indicates voltages of each terminal. 0~0.1 usee is a period for initialization for an interval 
I, in the same way, a period for initialization is provided also for each interval of II and III. As shown in Fig.64, different 
functions are realized in the intervals I, II and III. 

[0259] Fig.65 shows a result by circuit simulation for the neuron MOS inverter shown in Fig.63B. The lateral axis 
and the vertical axis are the same as those shown in Fig.64. In addition, the periods for initialization and the voltages 

15 of input[1] and input[2] during intervals I, II and III are the same as those shown in Fig.64. In this simulation, the power 
supply voltage or the ground voltage is applied to the ctl terminal in which the periods for applying the ground voltage 
to the ctl terminal are changed during initialization periods in the intervals I, II and III as w 1t w 2 and w 3 respectively. 
That is, describing by using Fig.63B, the periods for applying the power supply voltage to the ctla terminal are changed 
like w 1t w 2 and w 3 . As a result, a output voltage characteristic same as the case of Fig.64 can be obtained. Thus, as 

20 shown in Fig.65, it is understood that initialization which is equivalent to the initialization in which the multiple-valued 
value is used can be realized by control the period for applying the voltage when two-valued voltages are used. In Fig. 
63B, the pass transistor is regarded as a resistance element and the capacitance between the ctla terminal and the 
floating gate is regarded as a capacitance element, wherein RC time constant of the resistance and the capacitance 
is adjusted. 

25 [0260] Fig.66 shows a circuit diagram in which the circuit shown in Fig.63B is generalized wherein multiple-valued 
values are generated easily by controlling the period for applying voltages. 

[0261] The circuit shown in Fig.66 includes a series-parallel network with switches of resistance elements and ca- 
pacitance elements which is provided before the ctla terminal of the neuron MOS inverter. A switch swctl can be con- 
nected to the power supply or the ground. The switch swctl and the resistance element R1 correspond to the PMOSFET 

30 and NMOSFET which are connected to the ctla terminal in Fig.63B. C1 is a capacitance connected in parallel to the 
capacitance between the ctla terminal and the floating gate. C2 is a capacitance connected in. series to the capacitance 
between the ctla terminal and the floating gate. The two capacitances can be connected or disconnected by using sw1 
and sw3. R2 is a resistance element which is connected in series to R1 and is connected in parallel to C2. R2 is 
connected to R1 via the switch sw2. According to providing this network including these resistance elements and 

35 capacitance elements, operation of time for accumulating electrical charge into the capacitance between the ctla ter- 
minal and the floating gate becomes easy by appropriately selecting the resistance values, the capacitance values 
and switching the switches. 

[0262] Fig.67 shows a circuit which has the same capability of the circuit shown in Fig.52 in which any logic function 
of two-valued two input variables can be realized by controlling period for applying two-valued voltages into the control 
40 signal terminal. 

[0263] Fig.68 shows a result by circuit simulation of the circuit shown in Fig.67, in which AND and XOR are realized. 
In Fig.68, the lateral axis indicates time and the vertical axis indicates voltages of terminals. As shown in Fig.68, AND 
and XOR are realized by controlling periods for applying voltages to the control signal terminals ctl[1], ctl [2] and ctl[3] 
during initialization. 

45 [0264] Figs.69 and 70 are also results of circuit simulations of the circuit shown in Fig.67. The lateral axis indicates 
time and the vertical axis indicates voltages of each terminal. Fig.69 shows symmetric functions and Fig.70 shows 
unsymmetric functions. Fig.71 indicates the meaning of the unsymmetric function, by using Boolean expression, cor- 
responding to each interval of l-VIII shown in Fig.70, wherein X 1 is a value of input[1], X 2 is a value of input[2], X'., 
and X' z are logically inverted values of X., and X 2 . 

so [0265] As mentioned above, according to this embodiment, the capability of multiple-valued voltages or continuous 
voltages can be obtained by controlling the period for applying voltages even when two-valued voltages are used, and 
any logic function of two-valued two input variables can be realized. 

[0266] As mentioned above, according the embodiments 2-1 - 2-10, by using the function configuration data storing 
method, it becomes possible to configure a function capability even after manufacturing of an integrated circuit. In 
55 addition, since the integrated circuit for performing function processing has a storing capability, any memory element 
or memory circuit only for storing data is not necessary so that the area for configuring a circuit of changeable logic 
part or function processing part can be decreased. Further, since the function configuration data is written or deleted 
speedily by controlling the electrical switches, dynamic reconfiguration of function capabilities is realized. Furthermore, 
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since not only two-valued values but also multiple-valued values or continuous values can be stored as the function 
configuration data, advanced programmable hardware can be realized. 

(embodiments 3-1~3-4) 

5 

[0267] In the following, the embodiments 3-1~3-4 will be described in terms of realizing symmetric functions and 
selector capabilities on the basis of the principle described in the embodiment 1-1 and the like. 

(embodiment 3-1) 

10 

[0268] Fig.72A shows a structure of a function reconfigurable integrated circuit 401 . Fig.72B is a figure for explaining 
a principle of the integrated circuit 401 . 

[0269] The function reconfigurable integrated circuit 401 has a symmetric function capability of k input variables and 

a selector capability which selects a value from k+1 input values. 
15 [0270] The function reconfigurable integrated circuit 401 includes k first input terminals inputl [1], inputl [2], -, inputl 

[k], k+1 second input terminals input2[1], input2[2], "\ input2[k], input2[k+1], and an output signal terminal output. 

[0271] When the circuit is used for realizing the symmetric function capability, the k first input signal terminals inputl 

[1 ]~input1 [k] are used as k input variable terminals and the k+1 second input signal terminals are used as symmetric 

function configuration data input terminals. The symmetric function is a logic function in which the function value remains 
20 unchanged for any permutation of certain input variables. The symmetric function configuration data is data for deciding 

the symmetric function such as AND, OR or the like. 

[0272] As described in the embodiment 1-1 , when the number of input variable terminals each of which has logical 
"1" is m, the input status number is m. The input status number may take k+1 integers from 0 to k. Fig.72B shows 
relationships between input status numbers and output signal states in which the lateral axis indicates the input status 

25 number and the vertical axis indicates the output signal states. 

[0273] In the integrated circuit shown in Fig.72A, the output signal states of each input status number are in an one- 
to-one correspondence with values of k+1 input signal terminals. That is, the output signal state corresponds to the 
state of the input terminal input2[1] when the input status number is 0, the output signal state corresponds to the state 
of the input terminal input2[2] when the input status number is 1 , the output signal state corresponds to the state of 

30 the input terminal input2[k+1] when the input status number is k. 

•[0274] Accordingly, by associating the input status number with the second input signal terminal, that is, with two 
values of the configuration data input terminal, any symmetric function can be realized. This is the same as described 
in the embodiment 1-1. 

[0275] In addition, once the function configuration data is input, the function configuration data can be stored. 
35 [0276] When the integrated circuit 401 is used for realizing the selector capability, the k first input signal terminals 
are regarded as k control input terminals and the k+1 second input signal terminals are regarded as k+1 data input 
terminal. 

[0277] As mentioned above, since an input status number is an one-to-one correspondence with a second input 
signal terminal, selecting an input status number from the k+1 different input status number corresponds to selecting 
40 a state of an input signal terminal from the k+1 second input signal terminals. Accordingly, the selector capability can 
be realized. 

[0278] The capability of selecting one input from a plurality of data inputs is known as a multiplexer capability. How- 
ever, the multiplexer needs k control inputs and 2 k data inputs, which is deferent from the above-mentioned selector 
capability in which the input status number is used for selection. The above-mentioned selector capability is more 
45 flexible in that the same data can be selected by a plurality of control inputs. 

[0279] As mentioned above, the function reconfigurable integrated circuit 401 can have both of the symmetric function 
capability and the selector capability. 

(embodiment 3-2) 

50 

[0280] Fig.73 is a circuit diagram which shows a function reconfigurable integrated circuit 402 according to the em- 
bodiment 3-2 of the present invention. The function reconfigurable integrated circuit 402 realizes the circuit having the 
symmetric function capability and the selector capability shown in the embodiment 3-1 by using threshold elements. 
The function reconfigurable integrated circuit 402 is similar to the circuit shown in Fig.8 in the embodiment 1 -1 and has 
55 the same capability. However, the definition of the threshold value in this embodiment 3-2 is different from that in the 
embodiment 1-1 . That is, in the embodiment 1-1, each threshold element has two threshold values as shown in Fig.8 
and one threshold value is selected by a signal from the control terminal. On the other hand, in the embodiments, 
each threshold element has one threshold value. The reason is that, the threshold value in the embodiment 3-2 is 
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defined by th which satisfies 



5 ^w r X i + ^j-Y J >or <th , 

on the other hand, the threshold value in the embodiment 1-1 is defined by (th-^'Yj) which satisfies 

10 

15 wherein X, is an input variable, Yj is a control variable, w h E,j are weights. Therefore, the threshold value in the embod- 
iment 1-1 takes two values depending on the value (1 or 0) of the control variable Yj. 

[0281] In this embodiment, description will be given according to this definition of the embodiment 3-2 and the selector 
capability will be described in detail. 

[0282] The function reconfigurable integrated circuit 402 is a feed-forward circuit of a two stage logic structure. The 
20 first stage includes k+1 threshold elements TE[1 ]~TE[k+1], and the second stage includes a threshold element TE[k+2]. 
[0283] Each threshold logic circuit TE of the first stage has k input terminals which are connected to the first input 
signal terminals inputl [1 ]~input1 [k], an input terminal which is connected to one of the k+1 second input signal terminals 
input2[1]~input2[k+1] and an output terminal. 

[0284] The threshold element TE[k+2] of the second stage includes k input terminals connected to the first input 
25 signal terminals, input terminals connected to the output terminals of k+1 threshold elements of the first stage and an 
output terminal. 

[0285] A signal which is input from the first input signal terminal is called a first signal and a signal which is input 
from the second input signal terminal is called a second signal. 

[0286] In this embodiment, the threshold element TE is defined such that, the threshold element TE compares the 
30 sum of products of input signal values (each of which is logical 1 or 0) and a weight with a threshold value, then, if the 
sum of products is equal to or larger than a threshold value, the threshold element TE outputs logical "1", on the other • 
hand, if the sum of products is smaller than a threshold value, the threshold element TE outputs logical "0". The weights 
of the input terminals of the threshold elements TE[i](1==i:=k+1) are the same integer (w,) and the threshold value T, 
of the threshold element TE[i] is indicated by the following formula 38. 

35 

Wi'(i-1)<T,<W|'i (formula 38) 

[0287] Accordingly, when the input status number is m (O^m^k), the sum of products of input signal values and the 
40 weight for the threshold element TE[i] is Wi'm if the state of the second input signal terminal is j=0, and the sum of 
products is Wj(m+1) if the state of the second input signal terminal is j=1. 

[0288] When the input status number is m, the threshold elements TE=[i] (1 §i=£k+1 ) of the first stage can be classified 
by first, second and third groups. The threshold elements in the first group satisfy i<m+1 , the threshold element in the 
second group satisfies i=m+1 and the threshold elements in the third group satisfy i>m+1 . 

45 [0289] Since i<m+1 is satisfied in the first group, Ti<Wi (m+1) is satisfied. The first group includes m threshold ele- 
ments TE[1]~TE[m] in each of which threshold elements the sum of products of input signal values and the weight 
exceeds the threshold value whatever the second input value is. Therefore, the output signal is always logical 1 . 
[0290] In the third group, since i>m+1 is satisfied, Tj<Wj'm is satisfied. The third group includes k-m threshold elements 
TE[m+2]~TE[k+1] in each of which threshold elements the sum of products of input signal values and the weight does 

50 not exceed the threshold value whatever the second input value is. Therefore, the output signal is always logical 0. 
[0291] On the other hand, in the second group, since i=m+1 is satisfied, the output signal of the threshold element 
TE[i] depends on the second input signal value. That is, when the second input signal value is 0, the relationship 
between the threshold value and the sum of products of input signal values and the weight is represented as the 
following formula 39. 

55 

T^w/m G=0) (formula 39) 
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Therefore, the output signal is always logical 0. 

[0292] When the second input signal value is 1 , the relationship between the threshold value and the sum of products 
of input signal values and the weight is represented as the following formula 40. In the formula 40, in "(m+1)" in 
the second term of the right side shows an effect of the second input signal. 

5 

Ti<Wi'(m+1)0=1) (formula 40) 

Therefore, the output signal is logical 1. 
10 [0293] As mentioned above, the output signal of the threshold element TE[m+1] of the second group varies depending 

on the two different states (the values j=0,1 of the second input signal) of the second input signal terminal. 

[0294] In-summary, when the input status number is m, m threshold elements of the first stage output logical 1 , k-m 

threshold elements of the first stage output logical 0 and only one threshold element of the first stage outputs logical 

1 or 0 according to the value of the second input signal. 
15 [0295] Input terminals of the threshold element TE[k+2] of the second stage is connected to the k first input signal 

terminals and the k+1 output signal terminals of the first stage. 

[0296] Each signal from the first input signal terminal is multiplied by a positive weight w (k+2 ) and each signal from 
the output signal terminal of the first stage is multiplied by a negative weight - w (k+2) so that the sum of the signal values 
are obtained in the threshold element TE[k+2]. 
20 [0297] In the following, assume that the logic state number is m. The operation of this circuit 402 will be described 
with respect to the threshold element TE[k+2] of the second stage. 

[0298] The input value to the threshold element TE[k+2] can be divided into contribution by the first input signals and 

contribution by the output signals of the threshold elements TE[1]~TE[k+1] of the first stage. 

[0299] The sum of products of the first input signal values and the weight (w (k+2) ) is w (k+2 )"m. The sum of products 

25 of the output signal values from the first stage and the weight (-w {k+2) ) can be represented as -w (k+2) m+A since m 
threshold elements output logical 1, k-m threshold elements output logical 0 and only one threshold element outputs 
logical 1 or 0, wherein A indicates the product of the output signal value of the threshold element TE[m+1] and the 
weight. Accordingly, the sum of products of the input signals and the weight of the threshold element TE[k+2] becomes 
A. - 

30 [0300] The sum of products A equals to the product of the output signal value of the threshold element TE[m+1] of 
the first stage and the weight - w (k+2) of the threshold element TE[k+2] of the second stage. Therefore, when the second 
input signal value which is input to the threshold element TE[m+1] is logical 1 , the threshold element TE[m+1) outputs 
logical 1 so that A becomes -w (k+2 j. When the second input signal value which is input to the threshold element TE 
[m+1] is logical 0, the threshold element TE[m+1] outputs logical 0 so that A becomes 0. 

35 [0301] At this time, if the threshold value T (k+2) of the threshold element TE[k+2] satisfies - w (k+2) <T (k+2) <0, the thresh- 
old element TE[k+2] outputs different values depending on the second input signal value which is input to the threshold 
element TE[m+1]. 

[0302] In the following description, the definition of the threshold element TE is changed such that the threshold 
element TE outputs logical 0 when the threshold value is equal to or larger than the sum of the products of the input 
40 signal values and the weight, on the other hand, the threshold element TE outputs logical 1 when the threshold value 
is smaller than the sum of the products. 

[0303] In addition, the weight of the threshold element TE[k+2] forthe output signals from the first stage is not negative 
but the absolute value is the same, wherein each of the output signals is input to the threshold element TE[k+2] after 
logically inverted. 

45 [0304] In this case, when the input status number is m, m threshold elements in the first stage output logical 0, k-m 
threshold elements output logical 1 and the threshold element TE[m+1] outputs logical 1 or 0 depending on the state 
of the second input signal terminal. With respect to the threshold element TE[k+2] of the second stage, the sum of 
products for the first input signals is w (k+2) m and the sum of products for the output signals from the first stage is w (k+2) ' 
(k-m)+A' so that the sum of these becomes w {k+2) 'k+A'. A' is the value for the output signal of the threshold element 

50 TE[m+1 ]. A' takes 0 or w (k+2) . 

[0305] Therefore, by setting T (k+2) such that w (k+2 )'k<T (k+2) <w (k+2) (k+1 ) is satisfied, the output state of TE[k+2] can 
be controlled by the second input signal which is input to the threshold element TE[m+1]. 

[0306] As mentioned above, by bringing the input status number into one-to-one correspondence with a second input 
signal terminal which varies the output value according to the second input signal, any symmetric function of k input 
55 variables can be generated. 

[0307] In the following, the selector capability will be described. 

[0308] When the input status number of the signals of the first input signal terminals is regarded as a control input 
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value, it is possible to output a signal state of the second input signal terminal. This shows that a circuit which selects 
among k+1 data inputs by k control inputs. 

[0309] Fig.74 shows a function reconfigurable integrated circuit 403 which includes three first input signal terminals, 
four second input signal terminals and threshold elements. 
5 [0310] The first stage includes four threshold elements TE[1], TE[2], TE[3] and TE[4]. Each threshold element in- 
cludes input terminals which receive signals from the first input signal terminals inputl [1 ], inputl [2] and inputl [3], and 
includes input terminals which receive signals from the second input signal terminals input2[1], input2[2], input2[3] and 
input2[4]. 

[0311] The second input signals from the respective terminals input2[1], input2[2], input2[3] and input2[4] are input 
10 to the respective threshold element TE[1], TE[2], TE[3] and TE[4]. The weight of each threshold element is set as the 
same value "2". 

[0312] The threshold values (X,, T 2 , T 3 , T 4 ) of the threshold element TE[1]~TE[4] are (1, 3, 5, 7). The threshold 
element TE[5] of the second stage includes input terminal which receives signals from the first input signal terminals 
and input terminals which receives inverted signals from the output signal terminals of the first stage. From another 
15 point of view, it can be considered that the threshold elements of the first stage output inverted output signals. However, 
in this embodiment, the output signals are inverted before the signals are input into the threshold element of the second 
stage. The weight is 2 and the threshold value is 7. 

[0313] Fig.75 is a figure for explaining the operation of the function reconfigurable integrated circuit 403. 

[0314] In Fig.75, the lateral axis indicates the input status number of the first input signal terminal and the vertical 

20 axis indicates the state of the output signals of each threshold element. Each threshold element of the first stage further 
receives the input signal from the second input signal terminal. For example, TE[1] has an input terminal which receives 
a signal from the terminal input2[1]. In the TE[1], when the input status number m is 0, if the state of the terminal input2 
[1] is 1 , input values exceed the threshold value of the TE[1] so that the output signal state becomes 1 . If the state of 
the terminal input2[1] is 0, the output signal state becomes 0. 

25 [031 5] When m>0, the output signal state is always 1 whatever the value of the terminal input2[1 ] is. As for the output 
signal state of each of the threshold elements TE[1], TE[2], TE[3] and TE[4] shown in Fig.75, the black circle indicates 
that the output signal state is determined whatever the second input signal state is. The white circle indicates that the 
output signal state depends on the second input signal state. 

[0316] In the following, the operation of the threshold element TE[5] of the second stage will be described taking a 

30 case when the input status number is 2 as an example. 

[0317] Since the input status number is 2, two signals of the three first input signals input to the threshold element 
TE[5] are logical 1 and the remainder is logical 0. As shown in Fig.75, the output states of TE[1] and TE[2] are logical 
1 regardless of the second input signal, and the output states of TE[4] are logical 0 regardless of the second input 
signal. The output state of the threshold element TE[3] depends on the value of the second input signal such that when 

35 the value of the second input signal is logical 1 , the output state becomes logical 1 , on the other hand, when the value 
of the second input signal is logical 0, the output state becomes logical 0. 

[0318] Each of the output states of the threshold elements of the first stage is inverted and multiplied by a weight 
before being input into the threshold element TE[5]. Therefore, when the input status number is 2, 2 is input from the 
first input signal terminal and inversion of the output states of the threshold elements except for TE[3] of the first stage, 

40 which is 1 , is input, so that 3 is input to the TE[5] regardless of the values of the second input signals. 

[0319] When the value of the second input signal of the threshold element TE[3] of the first stage is logical 1 or 0, 
the number of logical is which are input to the threshold element TE[5] is 3 or 4 respectively. Therefore, the sum of 
products of all values of the input signals and the weight is 6 or 8 according to the value of the second input signal 
which is input to the threshold element TE[3] of the first stage. 

45 [0320] This value is compared with a threshold value 7 of the threshold element TE[5] so that the output value is 
determined. The white circles at the input status number 2 of the TE[5] in Fig.75 can be explained as mentioned above. 
[0321] In cases when the input status number is other than 2, the output state of the TE[5] can be explained in the 
same way. 

[0322] Therefore, as shown in Fig.75 the white circles at each input status number which shows output states of a 
50 threshold element of the first stage correspond to the output states of the TE[5] at the same input status number. 

[0323] This shows that any symmetric function can be realized according to the states of the second input signal 
terminals. 

[0324] Figs.76A and 76B are figures for explaining an AND circuit which is one of the symmetric function circuits. 
Fig.76A shows relationships between the input status numbers and the output signal states of each threshold element. 
55 Fig.76B shows a truth table. 

[0325] In order to realize the AND capability, the states of the second input signal terminals input2[1], input2[2], input2 
[3] and input2[4] are set by 0, 0, 0 and 1 respectively. At this time, the truth table shown in Fig.76B is obtained, wherein 
X 1f X 2 and X 3 indicate the states of the first input signal terminals and Y indicates the output signal state of the TE[5]. 
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[0326] As mentioned above, according to the function reconfigurable integrated circuit 403, the AND capability can 
be realized. Similarly, other symmetric functions can be realized. 

[0327] As shown in Fig.76A, the output state of the threshold element TE[5] in each of the input status numbers 
m=0,1 ,2,3 corresponds to the each state of the second input terminals input2[1], input2[2], input2[3], input2[4] respec- 
5 tively. When the input status numbers are regarded as control inputs and the states of the second input signal terminals 
are regarded as data inputs, it is understood that the circuit 403 realizes four data input selector circuit having three 
control inputs. 

[0328] As described above, the integrated circuit of this embodiment can both of the symmetric function capability 
and the selector capability. 

10 [0329] In the above embodiment, two different states are used. In addition, a circuit structure in which 1 and 0 are 
totally inverted can be easily contrived. Further, in some above-mentioned examples, the weights for each input signal 
are the same. However, since the weight is implemented as a physical quantity actually, it is difficult to strictly equalize 
the weights. In addition, it is not necessary to equalize the weights. They can be values which are regarded as the 
same in the operation principle. 

15 [0330] In the above embodiment, the k input signals are input into each threshold element one by one. However, 
since the weights are the same for each first input signal, it is not necessary to input one by one. That is, the sum of 
the first input signal values may be calculated first, and, then, multiplied by the weight. The same effect can be obtained 
by this produce compared with the case where the signals are input one by one. 

20 (embodiment 3-3) 

[0331] Fig. 77 shows an integrated circuit 404 according to the embodiment 3-3. The integrated circuit 404 includes 
the symmetric function capability of k input variables and the selector capability which selects among k+1 data inputs 
by k control inputs. The integrated circuit 404 includes the neuron MOS transistors as described in the embodiment 

25 2-1 in which Fig. 77 shows more detailed structure. In this case, k=3. 

[0332] In the following, the structure and the operation of the integrated circuit 404 will be described with reference 
to Fig.77. Same as the embodiment 2-1 , the main components are neuron MOS inverters which are configured by the 
neuron MOS transistors. The integrated circuit 404 is configured by two stages in which the first stage includes four 
pre-inverters 501 ,502,503 and 504 and the second stage includes a main inverter 500. In addition, the integrated circuit 

30 includes a data storing control circuit 506 as a control circuit, and a mode switching circuit 505, wave-shaping circuits 
509 and delay circuits 514 and 515 as peripheral circuits. r; 

[0333] First, the circuit structure and the operation of the four pre-inverters will be described. Fig.78 is a circuit diagram 
showing the pre-inverter 501 . The structure and the operation of the pre-inverter 501 is the same as those of each of 
the pre-inverters 502, 503 and 504. 

35 [0334] The pre-inverter 501 includes five input gates. Input terminals terminal[11], terminal[12], terminal[13] of the 
pre-inverter 501 are connected to the first input signal terminals inputl [1], input1[2], input1[3] respectively as shown 
in Fig.77, wherein capacitance values between the input terminals and the floating gate are C^, C 12 , C 13 respectively. 
[0335] The terminal input2fxa] shown in Fig.78 is connected to one of terminals input2[1a], input2[2a], input2[3a] 
and input2[4a], wherein terminals input2[1a], input2[2a], input2[3a] and input2[4a] are connected to the second input 

40 signal terminals input2[1], input2[2], input2[3] and input2[4] via transmission gates. A second input signal is input to 
the terminal input2[xa] and the capacitance value between the terminal and the floating gate is C^. 
[0336] The terminal[0] shown in Fig.78 indicates a terminal which is connected to the power supply or the ground 
voltage as shown in Fig.77. The capacitance value between the terminal[0] and the floating gate is Cq. 
[0337] The terminal ctl3 shown in Fig.78 is the same as ctl3 shown in Figl.73 which input signals for controlling 

45 continuity and interruption of the NMOSFET for floating gate initialization. 

[0338] As an example, assume that this circuit 501 is designed such that the voltage of the output terminal becomes 
inverted when the voltage of the floating gate exceeds a half of the power supply voltage V dd and that values of C,., , 
C 12 , C 13 , C 2x and C 0 are the same. The terminal[0] is connected to the power supply voltage. 
[0339] The voltage of the terminal ctl3 is set to V dd , the state of the NMOSFET for floating gate initialization is set to 

50 continuity, the voltage of the floating gate is set to the ground voltage. In the meantime, the voltages of all input signals 
and the voltage of a terminal (terminal[0] for example) which should be fixed to a predetermined voltage are set to a 
ground voltage. 

[0340] In this state, the voltage of the terminal ctl3 is set to the ground voltage and the state of the NMOSFET is set 
to interruption. Accordingly, the floating gate is set to a voltage, and, then, the state of the floating gate is set to floating 
55 state. This operation is called initialization of the floating gate. The terminal which should be fixed to a predetermined 
voltage is fixed to the predetermined voltage after the floating gate is set to a complete floating state. 
[0341] After performing the above-mentioned operation, the states of the output terminal of the pre-inverter 501 can 
be classified as the following three cases according to the first input signal states. In the following description, logical 



40 



EP 1 115 204 A2 



1 is defined as a case when the voltage of the output terminal is larger than V dd /2 and logical 0 is defined as a case 
when the voltage of the output terminal is equal to or larger than V dd /2. 

[0342] A first case of the three cases is a case when all of the first input signal voltages are the ground voltage, which 
case will be called a case when the input status number is 0. In this case, the state of the output terminal of the pre- 
5 inverter 501 is always logical 1 whatever the voltage of the terminal input2[xa] is. 

[0343] In a second case, only one of the first input signal voltages is the power supply voltage V dd , which case will 
be called a case when the input status number is 1 . In this case, the voltage of the floating gate depends on the voltage 
of the terminal input2[xa]. Since the terminalfO] is already connected to the power supply, when the voltage of the 
terminal input2[xa] is the ground voltage, the voltage of the floating gate can be approximated around (2/5)V dd . There- 
to fore, since the voltage of the floating gate is smaller than V dd /2, the state of the output terminal becomes logical 1 
which is inverted value of the logical state of the floating gate. On the other hand, when the voltage of the terminal 
input2[xa] is V dd , the voltage of the floating gate can be approximated around (3/5)' V dd . Therefore, since the voltage 
of the floating gate is larger than V dd /2, the state of the output terminal is logical 0. Thus, in the second case, logically 
inverted value of the terminal input2[xa] is output from the pre-inverter 501. 
15 [0344] In a third case, more than two of the first input signal voltages are the power supply voltage V dd , which case 
will be called a case when the input status number is equal to or larger than 2. In this case, the voltage of the floating 
gate is larger than V dd /2 regardless of the voltage of the terminal input2[xa] so that the state of the output terminal is 
logical 0. 

[0345] By adjusting capacitance ratio between capacitances between input terminals of the neuron MOS inverter 
20 and the floating gate, the above-mentioned second case can be provided in any input status number, wherein the input 
terminals include the first input signal terminals, second input signal terminals and the terminal which should be set to 
a predetermined voltage. 

[0346] Next, it will be described that a voltage which is logically inverted voltage of the terminal input2[xa] can be 
stored by the terminal ctl3 controlling the floating gate voltage of the pre-inverter. 

25 [0347] The voltage of the terminal ctl3 is set to the power supply voltage V dd . Then, while the floating gate voltage 
of the pre-inverter 501 is fixed to the ground voltage, the voltage of the terminal input2[xa] is set to V dd and voltages 
of all other input terminals including input2[xa] are set to the ground voltage. While preserving this state, the voltage 
of the terminal ctl3 is set to the ground voltage so that the state of the floating gate is set to the floating state. After 
that, the voltage of the terminal which should be fixed to the predetermined voltage is fixed and the voltage of the 

30 terminal input2[xa] is fixed to V dd . 

[0348] At this state, since the electrical charge in the floating gate was accumulated when only the voltage of input2 
[xa] was V dd , the floating gate voltage is not increased in this floating state in which the voltage of the terminal input2 
[xa]isV dd . 

[0349] That is, the above state is the same as a state in which the voltage of input2[xa] is set to the ground voltage 
35 when the floating gate is connected to the ground voltage. On the other hand, when the floating gate is initialized while 
the voltage of the terminal input2[xa] is the ground voltage, the voltage of the floating gate increases after the terminal 
input2[xa] is fixed to V dd in the floating-state. That is, the state of V dd is preserved as the voltage of the terminal input2 
[xa]. 

[0350] Accordingly, in order to store a desired voltage, the voltage of the terminal input2[xa] is set to a logically 
40 inverted value of the desired voltage when initializing the floating gate. That is, when the desired voltage is V dd , the 
voltage of the terminal input2[xa] is set to the ground voltage when initializing the floating gate. On the other hand, 
when the desired voltage is the ground voltage, the voltage of the terminal input2[xa] is set to V dd when initializing the 
floating gate, after that, the voltage of the terminal input2[xa] is fixed to V dd . 

[0351] As mentioned above, the voltage of the terminal input2[xa] can be stored by the above-mentioned operation 
45 of the voltage of the floating gate and the input signals. 

[0352] As mentioned above, in an input status number, the pre-inverter can output a value which is a logical inversion 

of an input signal at the terminal input2[xa] which is the second input signal terminal. In addition, by fixing the voltage 

of the terminal input2[xa] to the power supply voltage V dd after initialization of the floating gate, it is possible to store 

logical inversion of the signal at the terminal input2[xa]. 
50 [0353] In the following, the operation for the basic symmetric function capability and the selector capability of the 

function reconfigurable integrated circuit 404 shown in Fig.77 will be described with reference to Fig.79. 

[0354] Fig.79 is a circuit diagram which shows main components of the function reconfigurable integrated circuit 404 

shown in Fig.77. 

[0355] As shown in Fig.79, the circuit 404 is configured by two stages in which the first stage includes four pre- 
55 inverters 501 , 502, 503 and 504 and the second stage includes the main inverter 500. In addition, an output buffer 507 
is connected to the output terminal of the main inverter 500. 

[0356] In this case, assume that the floating gates of the pre-inverters 501~504 and the main inverter 500 are ini- 
tialized while voltages of all input terminals are the ground voltage. 
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[0357] In addition, in the same way as the pre-inverter 501 described before with reference to Fig.78, each of four 
pre-inverters 501 , 502, 503 and 504 is designed so as to output a logical inversion of a value of one of terminals input2 
[1], input2[2], input2[3] and input2[4] which correspond to the input status numbers 0, 1, 2, 3 respectively. 
[0358] A threshold voltage of the main inverter 500 is designed as V dd /2. In addition, the capacitance values between 
5 seven input terminals and the floating gate of the main inverter 500 are designed to be the same so that the ratio of 
one capacitance is 1/7, wherein the seven input terminals include three first input signal terminals and input terminals 
which are connected to the output terminals of the pre-inverters 501~504. 

[0359] When the input status number is 0, the value of the output terminal of the pre-inverter 501 is a logical inversion 
of the value of the terminal input2[1], wherein each of the values of the output terminals of the other pre-inverters 

10 502~504 is logical 1 regardless of the second input terminal voltage. That is, all of the first input terminals are logical 
0, three of the output terminals of the pre-inverters are logical 1 and one remainder of the output terminal is the logical 
inversion of the terminal input2[1]. Therefore, the voltage of the floating gate can be represented as (3/7)V dd +(1/7)' 
V in P ut2[i] wherein V mput2[i] indicates the logically inverted voltage of the terminal input2[1]. Thus, when the voltage 
of the terminal input2[1] is V dd , the voltage of the floating gate becomes (3/7)V dd . Since this voltage is smaller than 

15 the threshold voltage, the output of the main inverter 500 becomes logical 1 . When the voltage of the terminal input2 
[1] is 0, the voltage of the floating gate is (4/7) V dd . Since this voltage is larger than the threshold voltage, the output 
of the main inverter 500 becomes logical 0. That is, when the input status number is 0, the logical value of the terminal 
input2[1] is output from the main inverter 500. 

[0360] In the same way, when the input status number is 1 , the logical value of the terminal input2[2] is output from 
20 the main inverter 500. When the input status number is 2, the logical value of the terminal input2[3] is output from the 
main inverter 500. When the input status number is 3, the logical value of the terminal input2[4] is output from the main 
inverter 500. 

[0361] This relationship between the input status numbers and the output values is the same as that shown in Fig.75. 
[0362] The circuit shown in Fig.79 has the selector capability in which the terminals input1[1], input1[2] and inputl 
25 [3] are regarded as three control input terminals and the terminals input2[1] ~ input2[4] are regarded as four data inputs. 
In addition, the circuit shown in Fig.79 has the symmetric function capability of three inputs in which each value of the 
terminals input2[1]~ input2[4] are fixed to a logical value. 

[0363] The circuit shown in Fig.77 is configured by the circuit shown in Fig.79 and additional circuits. The additional 
circuits are circuits for initialization of floating gates, a data storing control circuit 506, a mode switching circuit 505 
30 which switches between a mode of continuously applying the second input signals to the pre-inverters and another 
mode of storing the signals, wave-shaping circuits 509 which equalize the electrical signal with the logical state, and 
delay circuits 514. 

[0364] First, a capability in which the pre-inverters store the logical values of the terminals input2[1]~input2[4] which 
are the second input signal terminals will be described with reference to Fig.77. 
35 [0365] Three first input signals, four second input signals and three control signals are input to this circuit, and one 
output signal is output. The first input signals are input from the first input signal terminals and the second input signals 
are input from the second input signal terminals. 

[0366] The terminal ctl3 controls the state, continuity or interruption, of the NMOSFET 511 for floating gate initiali- 
zation which is connected to the floating gate of the main inverter 500. When the voltage of the terminal ctl3 is the 
40 power supply voltage V dd , NMOSFET 511 conducts so that the floating gate is connected to the ground. When the 
voltage of the terminal ctl3 is the ground voltage, the NMOSFET 511 is interrupted so that the floating gate becomes 
in the floating-state. 

[0367] The floating gates of the pre-inverters 501~504 are controlled by signals input from the terminal ctl3 which 
are delayed by the delay circuit 51 5 in which a delay time is added with respect to a signal for controlling the NMOSFET 
45 511. 

[0368] The terminal ctl2 controls connection or disconnection between the second input signal terminals input2 
[1]~input2[4] and the terminals input2[1a]~input2[4a] which are input signal terminals for the pre-inverters 501~504. 
In addition, the terminal ctl2 controls connection or disconnection between the terminals input2[1a]~ input2[4a] and 
the power supply. 

50 [0369] When the voltage of the terminal ctl2 is the power supply voltage V dd , terminals input2[1]~ input2[4] are 
connected to the terminals input2[1a] ~input2[4a] respectively so that the terminals input2[1a]~ i nput2[4a] are discon- 
nected from the power supply. 

[0370] On the other hand, when the terminal ctl2 is the ground voltage, the terminals input2[1]~ input2[4] are dis- 
connected from the terminals input2[1 a]~input2[4a] so that the terminals input2[1 a]~input2[4a] are connected to the 
55 power supply. 

[0371] The terminal ctll switches between two modes, in which the second input signals are stored in the pre-inverters 
501~504 in a mode and the second input signals pass through just as they are. When the voltage of the terminal ctH 
is the power supply voltage V dd , data is stored and is output by the mode switching circuit 505. When the voltage of 
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the terminal cth is the ground voltage, the second input signals are successively passed through the pre-inverters 
501-504. 

[0372] In the above circuit, by fixing the voltage of cth to the power supply voltage V dd , then, setting the voltage of 
terminal ctl2 to the power supply voltage V dd , the second input signals can be input to the pre-inverters 501~504. At 
5 this time, the signal propagation control circuit 508 after the pre-inverters 501~504 is interrupted by the mode switching 
circuit 505 so that the output terminals of the pre-inverters 501~504 are disconnected from the input side of the main 
inverter 500. At this time, all of the voltages of the first input signals are the ground voltage. In addition, the NMOSFETs 

51 0 for initialization of the input gates of the main inverter conduct so that four input signals other than the first input 
signals are fixed to the ground voltage. 

10 [0373] In addition, the voltage of one terminal of input terminals of the pre-inverters 501 , 502 becomes the ground 
voltage by a voltage switching switch 513. By setting the second input signals to the ground terminal, all inputs of the 
pre-inverters 501 ~504 becomes the ground voltage. At this input state, signals which are logically inverted with respect 
to signals necessary for generating function capabilities are input as the second input signals, which was described 
with reference to Fig.78. 

15 [0374] After that, the voltage of the terminal ctl3 is switched to the ground voltage so that the floating gates of the 
main inverter 500 and the pre-inverters 501~504 are disconnected from the ground. After the states of the floating 
gates become the floating state, the voltage of the terminal ctl2 is switched to the ground voltage. 
[0375] Accordingly, the input terminals input2[1 a]~ input2[4a] of the pre-inverters are disconnected from the terminals 
input2[1]~input2[4] and are connected to the power supply. 

20 [0376] In addition, one terminal of input terminals of the pre-inverters 501 and 502 is connected to the power supply 
by the voltage switching switch 513. Further, the pre-inverters 501~504 are connected to the input terminals of the 
main inverter. 

[0377] According to the above-mentioned operation, a symmetric function capability can be realized. 
[0378] Fig.80 shows the above mentioned procedure, "initialization time" in Fig.80 is a time used for storing function 
25 configuration data, in which times when voltages are changed are indicated as numbers 1 , 2, 3 and 4 according to the 
procedure. In the figure, "inputl " is a generic name for the terminals inputl [1]~input1 [4] and "input2" is a generic name 
for the terminals input2[1]~input2[4]. 

[0379] The output buffer 507 outputs logical values, which are stored in the pre-inverters 501 ~ 504, corresponding 
to the input status number of the first input signals so that the function capability is realized. From a different view point, 
30 this capability is regarded as a memory capability which outputs logical values stored in the pre-inverters 501~504 
wherein the input status number of the first input signals is regarded as an address. In addition, the capability is regarded 
as a selector capability which outputs logical values stored in the pre-inverters 501~504. 

[0380] Next, a case where logical values of the terminals input2[1]~input2[4] are successively passed through the 
pre-inverters 501~504 that will be described with reference to Fig.77. 

35 [0381] The voltage of the terminal ctl3 is set to the power supply voltage V dd so that the floating gates of the main 
inverter 500 and the pre-inverters 501~504 are connected to the ground and that the NMOSFET 510 for initialization 
of the main inverter input gate conducts. At the same time, the voltages of the terminals ctl2 and ctH are set to the 
power supply voltage V dd so that the terminals input2[1]~ input2[4] are connected to the terminals input2[1a] input2 
[4a] and that the output terminals of the pre-inverters 501 ~504 are disconnected from the input terminals of the main 

40 inverter 500. 

[0382] At this time, when the voltages of all the first input signals are set to the ground voltage, all of input signals 
of the main inverter 500 become the ground voltage. In addition, one terminal of input terminals of each of the pre- 
inverters 501 and 502 is connected to the ground by the voltage switching switch 513. By setting the voltages of the 
second input signal terminals input2[1]~ input2[4] to the ground voltage, all of the input signals of the pre-inverters 
45 501~504 becomes the ground voltage. 

[0383] While preserving this state, the voltage of the terminal ctl3 is set to the ground voltage so that the NMOSFET 

511 for initialization of the floating gate of the main inverter 500 and NMOSFETs 512 for initialization of the pre-inverters 
501~504 are interrupted, so that the floating gates of the main inverter 500 and the pre-inverters 501~504 are changed 
to the floating state. 

50 [0384] Next, the voltage of the terminal ctl 1 is set to the ground voltage so that the output terminals of the pre-inverters 
501~504 are connected to terminals which are connected to the main inverter 500 by the signal propagation control 
circuit 508 via the mode switching circuit 505. 

[0385] According to the above-mentioned procedure, the selector capability can be realized wherein the three first 
input signals are regarded as control inputs, four second input signals are regarded as data inputs and one of the four 
55 second input signals are output according to the input status number. 

[0386] Fig. 81 shows the operation procedure, "initialization time" in Fig. 81 indicates a time for initializing the floating 
gates of the main inverter 500 and the pre-inverters 501~504 and connecting the output terminals of the pre-inverters 
501 ~ 504 to terminals which are connected to the input terminals of the main inverter 500, in which times for changing 
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the voltage are shown as numbers 1 , 2 and 3 according to the operation procedure. 

[0387] In the figure, "inputl" is a generic name for the terminals input1[1]~input1[4] and "input2" is a generic name 
for the terminals input2[1]~ input2[4]. 

"control input signal voltage" in "terminal voltage while performing selector capability" means a voltage combi- 
5 nation of signals of the three first input signal terminals which are selection signals, "data input signal terminal" means 
a voltage combination of signals of the second input signal terminals which are data signals to be selected. 
[0388] In the following, the delay circuit 514 will be described. 

[0389] Since the main inverter 500 is a multiple input circuit (seven inputs in this embodiment), there is a possibility 
that a time may occur during which time a signal at an input terminal is in a state before state transition when another 
10 signal at another input terminal is in a state after state transition if delays of each input signals are not uniform. Output 
signals during this time are erroneous signals which should be removed. 

[0390] The delay circuit 514 provided between the first input signal terminals inputl [1]~input1 [3] and input terminals 
of the main inverter 500 is for decreasing differences of delay times between input signals to a minimum. 
[0391] Next, the wave-shaping circuit 509 will be described. 

is the voltages of the floating gates of the main inverter 500 and the pre-inverters 501~504 depends on a charge 

amount which is a product of capacitance values between input terminals and the floating gates and input signal volt- 
ages. Since the input signal voltage is not necessarily the power supply voltage or the ground voltage. Therefore, the 
voltage of the floating gate may become a mid-voltage between the power supply voltage and the ground voltage and 
the voltage of the output terminal of each of the main inverter 500 and the pre-inverters 501~504 may become the 

20 mid-voltage. 

[0392] Since it is desirable that the input signal voltage of the main inverter 500 is the power supply voltage or the 
ground voltage, the wave-shaping circuit 509 is provided after the pre-inverters 501 ~504 so that the circuit 509 converts 
the mid-voltage into the power supply voltage or the ground voltage. In addition, the output buffer is connected to the 
output terminal of the main inverter for performing the above-mentioned capability. 
25 [0393] Fig.82 shows a result by circuit simulation for verifying the operation of the circuit shown in Fig.77. In this 
simulation, the symmetric function capability of three inputs is realized. In Fig.82, the vertical axis shows the voltages 
of terminals ctl1~ctl3, the second input signal terminals input2[1]~input2[4], the first input signals terminals input1[1]~ 
inputl [3] and the terminal output. The lateral axis indicates time by |isec. 

[0394] In the upper lateral axis, logic names are represented in which each logic is realized in corresponding interval 
30 shown in Fig.82. In a start time of each interval, which is shown by the vertical dotted lines, the floating gates are 
initialized and logic capability to be realized is stored. 

[0395] In the interval 0~1 usee, logical 1 is output whatever the combination of the first input signals is, so that IDEN- 
TITY is realized. In the intervals 1~2usec, NAND is realized. In the interval 2~3usec, XNOR is realized. In the interval 
3~4usec, NOR is realized. In the interval 4~ 5nsec, OR is realized. In the interval 5~6|isec, XOR is realized. In the 
35 interval 6~7u sec, AND is realized. In the interval 7~8usec, NULL is realized in which logical 0 is output whatever the 
combination of the first input signals is. 

[0396] Fig.83 shows another result by circuit simulation for verifying the operation of the circuit shown in Fig.77. In 
this simulation, the selector capability is realized in which one signal is selected among four second input signals 
according to the input status number wherein the three first input signals are regarded as control inputs. 
40 [0397] In Fig.83, the vertical axis shows the voltages of terminals ctl1~ctl3, the second input signal terminals input2 
[1 ]~input2[4], the first input signal terminals inputl [1 ]~input1 [3] and the terminal output. The lateral axis indicates time 
by usee. 

[0398] In the upper lateral axis, terminal names are represented in which each signal of the terminal is selected in 
corresponding interval shown in Fig.83. In a start time of each interval, which is shown by the vertical dotted lines, the 

45 floating gates are initialized. 

[0399] In the interval 0~1|isec, the voltage of input2[1] is selected. In the intervals 1~2usec, 2~3|xsec, 3~4(xsec, 
input2[2] is selected by setting one terminal in the first input signal terminals to the power supply voltage so as to set 
the input status number to 1 . In the intervals 4~5 usee, 5~6usec, 6~7usec, input2[3] is selected by setting two terminals 
in the first input signal terminals to the power supply voltage so as to set the input status number to 2. In the interval 

50 7~8 usee, input2[4] is selected by setting all of the first input signal terminals to the power supply voltage so as to set 
the input status number to 3. Accordingly, it is understood that the integrated circuit 404 shown in Fig.77 realizes the 
selector capability. 

[0400] As described in detail, the integrated circuit 404 shown in Fig.77 can reconfigure the symmetric function. In 
addition, this integrated circuit has the selector capability. When the symmetric function capability is realized, this circuit 
55 404 can be regarded as a memory circuit which realizes writing data and reading data. 
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(embodiment 3-4) 

[0401] Fig.84 shows a function reconfigurable integrated circuit 405 according to the embodiment 3-4. The function 
reconfigurable integrated circuit 405 has both of the symmetric function capability of three input variables and the 
5 selector capability for selecting one among four data inputs by three control inputs. In addition, the function reconfig- 
urable integrated circuit 405 can store data for configuring the capabilities. That is, the function reconfigurable integrated 
circuit 405 holds data for configuring the symmetric function for the symmetric function capability and holds data for 
specifying a signal line to be selected for the selector capability. 

[0402] In the following, the structure and the operation of the function reconfigurable integrated circuit 405 will be 
10 described. 

[0403] Fig.85 shows a neuron MOS inverter 601 with a switch. Fig.86 shows a pre-inverter 701 . The structure and 
the operation of each of pre-inverters 702~704 are the same as those of the pre-inverter 701. Fig.87 shows a main 
inverter 700. 

[0404] The function reconfigurable integrated circuit 405 shown in Fig.84 is a two stage logic feed-forward type circuit. 
15 The neuron MOS inverter with a switch shown in Fig.85 is used in each stage. In addition, the circuit shown in Fig.86 

is used as a pre-inverter 701 and the circuit shown in Fig.87 is used for a main inverter 700. 

[0405] The function reconfigurable integrated circuit 405 is configured by two stages wherein a first stage includes 

four pre-inverters 701 , 702, 703, 704 and a second stage includes the main inverter 700. The pre-inverters and the 

main inverter are main components of the function reconfigurable integrated circuit 405. In addition, the function recon- 
20 figurable integrated circuit 405 includes a function configuration data storing control circuit 705, a selection data storing 

control circuit 706, a mode switching circuit 707, a wave-shaping circuit 709, delay circuits 714, 715 and the like as 

control circuits and peripheral circuits. 

[0406] The principle of the operation and the structure of the pre-inverters 701 ~704 and the main inverter 700 is the 
same as that in the integrated circuit 404. As for the integrated circuit 404, the first input signals are directly input to 
25 each of the pre-inverters 501 ~504 and the main inverter 500. On the other hand, as for the integrated circuit 405, they 
are input via the selection data storing control circuit 706. Thus, for pre-inverter 701 shown in Fig.86, which has the 
same structure as that of the circuit shown in Fig.78, terminal names different from those in Fig.78 are given for the 
sake of clarity. 

[0407] The terminals inputl [1a]~input1 [3a] in the pre-inverter 701 shown in Fig.86 are connected to the first input 
30 signal terminals inputl [1]~ inputl [3] respectively via the selection data storing control circuit 706. The signal values of t- 

the inputl [1a]~input1 [3a] becomes the signal values of inputl [1]~ inputl [3] or the power supply voltage. 

[0408] The terminal input2[xa] is a generic name of the terminals input2[1 a]~input2[4a]. "terminal" shown in Fig.86 

is a terminal from which terminal a signal for controlling a threshold value of the pre-inverter with respect to an input 

signal value is input. The terminal is connected to the power supply or the ground. 
35 [0409] Next, four modes of the integrated circuit 405 and the control methods will be described, which distinguish 

the circuit 405 from the circuit 404. 

[0410] In a first mode in the four modes of the integrated circuit 405, data for configuring a symmetric function ca- 
pability is not stored so that the data should be input continuously. In a second mode, the data is stored. In a third 
mode, an address of a signal which should be selected is continuously input in the selector capability. In a fourth mode, 
40 the address is stored. 

[0411] Fig.88 shows a procedure for realizing the first mode in the integrated circuit 405. In Fig.88, "initialization 
time" means a time for pretreatment for performing function processing. "1 , 2, 3" indicates a time series of the procedure, 
"inputl" is a generic name of the terminals inputl [1]~ inputl [3] and "input2" is a generic name of the terminals input2 
[1]~input2[4]. 

45 [0412] In a first interval in the pretreatment time, the terminals ctl1~ctl4 are set to the power supply voltage V dd and 
the voltages of the terminals inputl and input2 are set to the ground voltage. Accordingly, in this interval, the terminals 
input2[1]~input2[4] are connected to the terminals input2[1a]~ input2[4a] respectively by the function configuration 
data storing control circuit 705, the terminals inputl [1 ]~input1 [3] are connected to the terminals inputl [1 a]~input1 [3a] 
respectively by the selection data storing control circuit 706, the output terminals of the pre-inverters 701~704 are 

50 disconnected from the input terminals of the main inverter 700 by the signal propagation control circuit 708. The floating 
gates of the pre-inverters 701 ~704 and the main inverter 700 are connected to the ground. The voltages of terminals 
inputl [1]~input1 [3] and input2[1]~ input2[4] are the ground voltage and the NMOSFETs 710 for initialization of the 
input gates conduct. 

Therefore, the input signals of the pre-inverters 701~704 and the main inverters 700 are in the ground voltage. 
55 [0413] In a second interval in the initialization time, by changing the voltage of the terminal ctl4 to the ground voltage, 
the NMOSFET 711 for initializing the floating gate of the main inverter 700 and the NMOSFETs 712 for initializing the 
floating gates of the pre-inverters 701~704 are interrupted. According to this operation, the pre-inverters 701 ~ 704 
and the main inverter 700 are initialized while the voltage of every input terminal is the ground voltage. 
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[0414] In a third interval, when the voltage of the terminal ctH is changed to the ground voltage, the output terminals 
of the pre-inverters 701 ~704 are connected to the input terminals of the main inverter 700 by the signal propagation 
control circuit 708. In addition, PMOSFET in the voltage switching switch 713 conducts so that the terminal "terminal" 
in the pre-inverters 701 and 702 becomes in the power supply voltage, 
s [0415] In this state, the symmetric function capability can be realized by setting the voltages of the terminals input2 
[1]~input2[4] to V conf which is a voltage combination representing function configuration data and inputting signals V sig 
which are processed to the terminals inputl [1]~input1 [3]. 

[041 6] In Fig.88, a solid line with a right arrow indicates that V dd continues and a dotted line with a right arrow indicates 
that 0 voltage continues. 

10 [0417] Next, a procedure for realizing the second mode will be described, in which the symmetric function configu- 
ration data is stored. Fig.89 shows the procedure. The meanings of symbols in Fig.89 are the same as those in Fig.88. 
[0418] In the first interval, the voltages of the terminal ctl1~ct!4 are V dd , the voltage of the terminal inputl is the 
ground voltage and the voltage of input2 is a logically inverted voltage of th function configuration data. The difference 
between the second mode and the first mode is only the voltages of the terminal input2. 

15 [0419] In the second interval, when the voltage of the terminal ctl4 is set to the ground voltage, the NMOSFET 711 
for initialization of the floating gate of the main inverter 700 and the NMOSFETs 712 for initialization of the floating 
gates of the pre-inverters 701~704 are interrupted. 

[0420] According to this operation, the main inverter 700 is initialized when the voltages of all input signals are the 
ground voltage, and, the pre-inverters 701~704 are initialized when the voltage of the input signals except for the 
20 terminal input2 is the ground voltage and the voltages of input2 are logically inverted voltages of the function configu- 
ration data. 

[0421] In the third interval, when the terminal ctl2 is set to the ground voltage, the terminals input2[1]~input2[4] are 
disconnected from the terminals input2[1a]~input2[4a] and the terminals input2[1 a]~input2[4a] are connected to the 
power supply voltage by the function configuration data storing control circuit 705. 

25 [0422] In addition, the output terminals of the pre-inverters and the input terminals of the main inverter 700 are 
connected by the signal propagation control circuit 708. In this operation, since the terminal input2 is not connected to 
the pre-inverters 701~704, the output of the integrated circuit 405 is not affected by the terminal input2. In Fig.89, a 
lateral short line in "terminal voltage during function processing" indicates that input2 can take any value. 
[0423] In this state, by applying signals V sig to be processed to the terminals inputl [1]~input1 [3] (inputl ), the sym- 

30 metric function capability can be realized. It is the same as the case of the integrated circuit 404 (embodiment 3-3) 
that any desired symmetric function capability can be realized by connecting the terminal input2 to the power supply 
voltage after applying the logically inverted voltage of the function configuration data to the terminal input2 and initial- 
izing the floating gates. 

[0424] Fig.90 shows a procedure for realizing the third mode which realizes the selector capability, wherein the 
35 address of a selected signal is not stored so that the signal which is selected by the address is output only during 
applying the address. The meanings of symbols in Fig.90 are the same as those in Fig.88. 

[0425] In the third mode, the operation performed in the initialization time is almost the same as that of the first mode. 
The difference is that, in the third mode, a voltage combination V se , of address signals of data to be selected is input 
to the terminals inputl [1]~input1 [3] and a voltage combination of data to be selected is input to the terminals input2 
40 [1]~input2[4] when performing the selector capability. 

[0426] The above-mentioned first, second and third modes can be also performed by the integrated circuit 404. 
[0427] Fig.91 shows a procedure of the fourth mode, which can not be realized by the integrated circuit 404. In the 
fourth mode, the address of data to be selected is stored in the selector capability. 

[0428] In the first interval, the voltages of the terminals ctH ~ctl4 are set to the power supply voltage, logically inverted 
45 voltages of address signals of data to be selected are input to the terminal inputl , and the voltage of the terminal input2 
is set to the ground voltage. As an example, the logically inverted voltages of address signals of data to be selected 
is a voltage combination (0,0,V dd ) in a case that the voltages of the terminals inputl [1]~input1 [3] are (V dd ,V dd ,0) so 
that the terminal input2[3] is selected in the integrated circuit 405 which is initialized by the procedure shown in Fig.90. 
[0429] In the second interval, by setting the voltage of the terminal ctl4 to the ground voltage, the NMOSFET 711 
50 and the NMOSFETs 712 are interrupted. 

[0430] In the third interval, when the voltage of the terminal ctl3 is set to the ground voltage, the terminals inputl 
[1]~input1[3] are disconnected from the terminals inputl [1a]~input1 [3a], and the terminals inputl [1a]~input1 [3a] are 
connected to the power supply. 

[0431] In the fourth interval, since the terminals inputl [1 ]~input1 [3] are disconnected from the input terminals of the 
55 pre-inverters 701~704 and the main inverter 700, they are connected to the ground. This operation is not necessarily 
required and the circuit is not affected whatever voltages are applied. 

[0432] In the fifth interval, when th voltage of the terminal ctH is set to the ground voltage, the output terminals of 
the pre-inverters 701~704 are connected to the input terminals of the main inverter 700 by the signal propagation 
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control circuit 708, the PMOSFET of the voltage switching switch 713 conducts so that one of input terminals is con- 
nected to the power supply in each of the pre-inverters 701 and 702. In this state, the selector capability can be per- 
formed. Data to be selected corresponds to logically inverted voltages of addresses which are stored in advance. 
[0433] In Fig.91 , the lateral short line in "voltage during performing selector capability" for inputl indicates that the 
5 voltages of terminals inputl [1]~input1 [3] can take any value. 

[0434] The four modes can be performed by the above-mentioned, procedures. 
[0435] Figs.88 - 91 show results of circuit simulations of the integrated circuit 405. 

[0436] Fig.92 shows the first mode in which the symmetric function capability of three inputs is realized in the inte- 
grated circuit 405. The vertical axis indicates the voltages of the terminals ctl1~ctl4, the first input signal terminals 
10 inputl [1]~input1 [3], the second input signal terminals input2[1]~input2[4], and the terminal output. The lateral axis 
indicates time by usee. In the upper lateral axis, logic names corresponding to time intervals are indicated. In Fig.92, 
in a start time of each interval, which is shown by the vertical dotted lines, pretreatment such as initialization of the 
floating gates for a process to be performed in the time interval is performed. 

[0437] In Fig.92, it can be verified that the voltages of the terminals cth ~ctl4 are the same as those shown in Fig.88. 
15 [0438] In each of the time intervals, the voltages of the second input signal terminals input2[1 ]~input2[4] corresponds 
to symmetric function configuration data and the terminals input2[1 ]~input2[4] keep the same voltage during performing 
function processing. 

[0439] In the time interval 0~1 usee, the integrated circuit 405 outputs logical 1 whatever the voltage combination of 
the first input signal terminals inputl [1]~input1 [3] is, which means that IDENTITY is realized. 
20 [0440] NAND is realized in the time interval 1 ~2 usee, XNOR is realized in the time interval 2~3u sec, NOR is realized 
in the time interval 3~4usec, OR is realized in the time interval 4~5usec, XOR is realized in the time interval 5~6usec, 
AND is realized in the time interval 6~7usec. In the time interval 7~ 8usec, NULL is realized in which logical 0 is output 
whatever the voltage combination of the first input signals is. 

[0441] Fig.93 shows the second mode. In the second mode, the symmetric function capability of three inputs is 

25 realized by inputting logically inverted data of the symmetric function configuration data into the second input signal 
terminals input2[1]~input2[4]. The meanings of the vertical and lateral axes are the same as those in Fig.92. 
[0442] In Fig.93, in a start time of each interval, which is shown by the vertical dotted lines, pretreatment such as 
initialization of the floating gates for a process to be performed in the time interval is performed. In Fig.93, it can be 
verified that the voltages of the terminals ctl1~ ctl4 are the same as those shown in Fig.89. 

30 [0443] In Fig.93, comparing with the case shown in' Fig.92, logically inverted voltages of the voltages which are 
applied while perfuming the symmetric function capability in Fig.92 are input during each initialization time. 
[0444] That is, for example, when XNOR is realized in the time interval 2usec~3usec, if the symmetric function 
configuration data is not stored as shown in Fig.92, the voltage of the terminal input2[1] becomes V dd , the voltage of 
the terminal input2[2] becomes 0, the voltage of the terminal input2[3] becomes V dd and the voltage of the terminal 

35 input2[4] becomes 0. On the other hand, when the symmetric function configuration data is stored as shown in Fig.93, 
the voltage of the terminal input2[1] is set to 0, the voltage of the terminal input2[2] is set to V dd , the voltage of the 
terminal input2[3] is set to 0 and the voltage of the terminal Input2[4] is set to V dd during the initialization time. 
[0445] IDENTITY is realized in the time interval 0~1usec NAND is realized in the time interval 1~2 usee, XNOR is 
realized in the time interval 2~3u sec, NOR is realized in the time interval 3~4usec, OR is realized in the time interval 

40 4~5usec, XOR is realized in the time interval 5~6usec, AND is realized in the time interval 6~7usec. In the time interval 
7~8usec, NULL is realized in which logical 0 is output whatever the voltage combination of the first input signals is. 
Accordingly, the symmetric functions of three inputs are realized. 

[0446] Fig.94 shows the third mode. In the third mode, the selector capability of three inputs is realized in the inte- 
grated circuit 405, wherein one signal is selected among four second input signals by using three first input signals as 

45 control input signals. The vertical axis indicates the voltages of the terminals ctH ~ctl4, the first input signal terminals 
inputl [1]~input1 [3], the second input signal terminals input2[1]~input2[4], and the terminal output. The lateral axis 
indicates time by usee. In the upper lateral axis, terminals names corresponding to selected signals are indicated. In 
Fig.94, in a start time of each interval, which is shown by the vertical dotted lines, pretreatment including initialization 
of the floating gates is performed. In Fig.94, it can be verified that voltages shown in Fig.90 are given in each of the 

50 initialization time and the time for performing the selector capability. 

[0447] In the time interval 0~1usec, the voltage of the terminal input2[1] is selected by setting all voltages of the 
terminals input[1 ]1 ~ inputl [3] to the ground voltage during performing the selector capability. In each of the time inter- 
vals 1 ~2usec, 2~3usec, 3~4usec, the voltage of the terminal input2[2] is selected by setting a voltage of different one 
terminal in the terminals inputl [1]~input1 [3] to the power supply voltage so that the input status number becomes 1. 

55 In each of the time intervals 4~5usec, 5~6usec, 6~7usec, the terminal input2[3] is selected by setting the voltages of 
two terminals in the terminals inputl [1] ~input1 [3] to the power supply voltage so that the input status number becomes 
two. In the time intervals 7~8usec, the terminal input2[4] is selected by setting the voltages of all the terminals inputl 
[1]~input1 [3] to the power supply voltage so that the input status number becomes three. 
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[0448] As shown in Fig.94, the voltage of the selected terminal is the same as the output voltage. 
[0449] Fig.95 shows the fourth mode. In the fourth mode, the selector capability is realized in the integrated circuit 
405, wherein one signal is selected among four second input signals by applying logically inverted data of address 
data into three first input signal terminals inputl [1]~input1 [3] temporarily. The vertical axis and the lateral axis in Fig. 

5 95 indicate the same meaning as that in Fig.94. In Fig.95, in a start time of each interval, which is shown by the vertical 
dotted lines, pretreatment including initialization of the floating gates is performed. In Fig.95, it can be verified that 
voltages shown in Fig.91 are given in each of the initialization time and the time for performing the selector capability. 
[0450] When comparing with Fig.94, logically inverted voltages of voltages which are applied during performing the 
selector capability in Fig.94 are applied during each of the initialization time in Fig.95. 

to [0451] That is, for example, when a signal of the terminal input2[2] is selected in the time interval 1 |xsec~2usec, if 
the address data is not stored, as shown in Fig.94, the voltage of the terminal input1[1] becomes V dd , the voltage of 
the terminal inputl [2] becomes 0, the voltage of the terminal inputl [3] becomes 0. On the other hand, when the address 
data is stored as shown in Fig.95, the voltage of the terminal inputl [1] is set to 0, the voltage of the terminal inputl [2] 
is set to V dd , the voltage of the terminal inputl [3] is set to V dd during the initialization time. 

15 [0452] In the time interval 0~1|isec, the voltage of the terminal input2[1] is selected by setting all voltages of the 
terminals input[1]1~ inputl [3] to V dd during performing the initialization time. In each of the time intervals 1~2usec, 
2~3u.sec, 3~4u.sec, the voltage of the terminal input2[2] is selected by setting a voltage of different one terminal in the 
terminals inputl [1] ~input1[3] to the ground voltage in each initialization time. In each of the time intervals 4~5(isec, 
5~6|isec, 6~7(xsec, the terminal input2[3] is selected by setting the voltages of two terminals in the terminals inputl 

20 [1]~input1[3] to the ground voltage in each initialization time. In the time intervals 7~8u.sec, the terminal input2[4] is 
selected by setting the voltages of all the terminals inputl [1]~input1 [3] to the ground voltage. 
[0453] As shown in Fig.95, since the voltage of the selected terminal is the same as the output voltage, it is verified 
that the selector capability is realized. 

[0454] As mentioned above, the function reconfigurable integrated circuit 405 can reconfigure the symmetric function 
25 even after being manufactured. In addition, the integrated circuit 405 has the selector capability. When realizing the 
symmetric function capability, the integrated circuit 405 can select between the first mode and the second mode, where- 
in the function configuration data is not stored in the first mode and it is stored in the second mode. When realizing the 
selector capability, the integrated circuit 405 can select between the third mode and the fourth mode, wherein the 
address data is not stored in the third mode and it is stored in the fourth mode. Thus, the integrated circuit 405 can 
so select among the four modes. 

. [0455] That is, the integrated circuit 405 can extract only symmetric functions which are used for a logic circuit from 
Boolean functions. In addition, the integrated circuit 405 has selector capability as well as the symmetric function 
capability and can switch between the two capability as necessary. 

[0456] Further, the function configuration data can be stored without using a specific memory element or a memory 
35 circuit so that the integrated circuits 401 ~405 of the present invention can be used as a memory circuit. That is, the 
integrated circuits of the present invention have a capability in which three capabilities of symmetric function capability, 
the selector capability and the memory capability are integrated. 

[0457] According to the integrated circuit of the present invention, by adopting the structure which can extract only 
symmetric functions which are often used in a logic LSI from Boolean functions, the area can be decreased comparing 
40 with a conventional function reconfigurable device which realizes all Boolean functions. In addition, the integrated 
circuit of the present invention has the selector capability. 

[0458] Further, the integrated circuit of the present invention realizes the symmetric function capability and the se- 
lector capability by adopting threshold elements which realize threshold logic for the feed-forward type two stage logic. 
[0459] The integrated circuit is configured by two stages, a first stage in the two stages includes k+1 threshold ele- 

45 ments, a second stage in the two stages includes a threshold element. Each of the k+1 threshold elements in the first 
stage includes terminals for inputting the k first input signals and a terminal for inputting second input signals. Each 
threshold value of the threshold elements is different. Threshold value is set as a value between the sum of products 
of weight and input signal values in an input status number and the sum of products of weight and input signal values 
in the next input status number. 

50 [0460] The threshold element of the second stage receives the first input signals and reversed signals of signals 
output from the threshold elements of the first stage. By adjusting the weight and the threshold value of the threshold 
element in the second stage, it becomes possible that an output value, or reversed output value, of the threshold 
element corresponding to a current input status number in the first stage is output. The above-mentioned capability 
can be realized by applying desired second input signals so that desired threshold values of the threshold elements 

55 in th first stage can be set. 

[0461] The threshold element is configured by an inverter circuit including neuron MOS transistors or those having 
switches. The neuron MOS transistor having a switch includes a semiconductor region of a first conductivity type 
disposed on a substrate, a source region and a drain region of a second conductivity type provided on the semiconductor 
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region, a floating gate electrode, which can be regarded as in an electrically floating state, provided on a region which 
separates the source region and the drain region via an insulating film, the floating gate electrode connected to a 
terminal having a predetermined voltage via the switch, a plurality of input gate electrodes capacitively coupled to the 
floating gate electrode via an insulating film. 

5 [0462] The inverter circuit is called a neuron MOS inverter, k+1 neuron MOS inverters are used in the first stage as 
the threshold elements. In this structure, weights for the first input signals are set to be the same in each other and the 
threshold value of the neuron MOS inverters are set to be different in each other. In addition, the threshold value in a 
neuron MOS inverter is set such that it becomes between a first input status number and a second input status number 
in which 1 is added to the first input status number so that, only when a logical value of a second input signal corre- 

10 sponding to the neuron MOS inverter is 1 , input values exceed the threshold value. 

[0463] The neuron MOS inverter in the second stage receives k first input signals and k+1 output signals of the 
neuron MOS inverters of the first stage. The weights for these input signals are set to be the same each other. And, a 
threshold value of the neuron MOS inverter in the second stage is set to be k. Accordingly, the above-mentioned 
capability can be realized. Further, by operating the voltage of the floating gate by the switch of the neuron MOS 

is inverter, a memory capability which stores a symmetric function can be realized. 

[0464] As mentioned above, the function reconfigurable integrated circuit according to the embodiments of the 
present Invention is different from the conventional reconfigurable device. The function reconfigurable integrated circuit 
has the symmetric function capability and the selector capability. In addition, by using the neuron MOS inverter, high 
capability including memory capability can be realized with a low area cost. 

20 [0465] In the embodiment, the above-mentioned "electrically floating state" is defined not only as an interrupted state 
but also as a high impedance state. 

[0466] According to the present invention described in the embodiments 3-1 ~3-4, a logic capability can be reconfig- 
ures after manufacturing. In addition, an integrated circuit which has the symmetric function and selector capabilities 
without a specific memory element or a memory circuit for storing function configuration data. Thus, high-performance 
25 can be obtained by using a small area in the integrated circuit. 

(embodiments 4-1~4-6) 

[0467] In the following, examples of circuits including neuron MOS circuits which can configure any logic function 
30 based on the principle described in the embodiment 1-1 will be described in the embodiments 4-1~4-6 in detail. 

(outline) 

[0468] In orderto configure any k input variable logicfunction using two-valued data as input variables in an integrated 
35 circuit, following two conditions should be satisfied. 

Condition (1 ) : having different 2 k states corresponding to combinations of input variables; 
Condition (2) : having a mechanism of setting one of two-valued values for each of the 2 k states. 

40 [0469] When the above-mentioned integrated circuit is configured by the conventional neuron MOS inverters shown 
in Fig.6, the condition (1 ) is that "the voltage V fg of the floating gate takes 2 k values" as is described in the related art, 
that is 

takes different 2 k values". 

[0470] The embodiments 4-1 ~4-6 of the present invention are as follows such that the above-mentioned two condi- 
50 tions are satisfied. 

[0471] In the embodiment 4-1 of the present invention, a method for deciding elements w, of a weight vector w which 
satisfies the condition (1 ) wherein 

takes different 2 k values", and neuron MOS inverters for realizing the method will be described. In addition, in the 
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embodiment 4-1 , a guide for obtaining the 2 k states on the neuron MOS inverters will be disclosed. 
[0472] In the embodiment 4-2, a concrete and formulated example of the method for deciding elements w, of a weight 
vector w in the embodiment 4-1 will be disclosed. In addition, in the embodiment 4-2, a guide for obtaining the 2 k states 
on the neuron MOS inverters will be disclosed. 
5 [0473] In the embodiment 4-3, a method will be described for deciding elements w, such that the value of a following 
formula 41 becomes smaller when there is a limit in the minimum number of elements w, of the weight vector w in the 
embodiment 4-1 . 



When implementing the neuron MOS inverters, the value of the formula 41 corresponds to the area of the input gate 
electrode. Therefore, the method of the embodiment 4-3 is equivalent to a method for realizing the neuron MOS in- 

15 verters with a low area cost. 

[0474] In the embodiment 4-4, a method is described for satisfying the condition (1 ) and realizing the mechanism of 
the condition (2) in one of the embodiments 4-1 ~4-3, wherein the method for designing a symmetric function disclosed 
in Kazuo Aoyama, Hiroshi Sawada, Akira Nagoya, Kazuo Nakajima, "A Design Method for a Circuit with Neuron MOS 
Transistors Realizing Any Symmetric Function," Technical ReportoflEICE,CPSY99-90,PP.49-51, 1999-11 is extended 

20 for a method for designing a circuit which can realize any logic function. In addition, in the embodiment 4-4, a structure 
of an integrated circuit designed by using the method is described. That is, in the embodiment 4-4, a designing method 
and a circuit structure of an integrated circuit which can reconfigure any logic function will be described. 
[0475] In the embodiment 4-5, a designing method and a circuit structure of an integrated circuit will be described, 
wherein the integrated circuit controls the mechanism in the condition (2) by signals represented by multiple-valued 

25 values. According to the embodiment 4-5, the same capability as the embodiment 4-4 can be obtained with lower area 
cost. 

[0476] In the embodiment 4-5, the multiple-valued values are represented by a plurality of two-valued signals in 
physical level. On the other hand, in the embodiment 4-6, a circuit structure will be shown in which multiple signals are 
used in physical level. According to the embodiment 4-6, the same capability as the embodiment 4-5 can be obtained 
30 with lower area cost. 

[0477] In the following each of the embodiments will be described in detail. 

(embodiment 4-1 ) 

35 [0478] In the embodiment 4-1 , methods for deciding elements w, which can identify combinations of 2 k input variables 
x, and for implementing the weight vector which can identify the input vector to the neuron MOS inverters will be 
described. 

[methods for deciding elements w, which can identify combinations of 2 k input variables x,] 
[0479] The condition (1) 



takes different 2 k values" is equivalent to "identifying combinations of 2 k input variables". 

[0480] First definitions of "combinations of input variables" and "identifying" will be described in detail taking a case 
where the input variables are {x^x^} as an example. 

[0481] When each of the three input variables takes logical two-valued value 1 or 0, the number of combinations of 
50 the input variables are 2 3 which are {0,0,0}, {0,0,1 }, {0,1 ,0}, ",{1,1,1}. The 2 3 combinations are defined as "combinations 
of input variables". 

[0482] Next, "identifying combinations of 2 k input variables" will be described. 

[0483] The above mentioned combinations correspond to vector representations of vertex coordinates of a three- 
dimensional cube when setting coordinate axes orthogonal to each other for the three input variables. Thus, this vector 
55 will be called an input vector X hereinafter. In addition, {w 1 ,w 2 ,w 3 ) having positive numbers as the elements will be 
called a weight vector W. 




(formula 41) 



[0484] As for 
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5 the vectors can be converted into a scalar by using inner product as shown in the formula 43. 



3 



(formula 43) 



[0485] According to this formula, "identifying combinations of 2 k input variables" can be rephrased by "scalars each 
of which scalar is a result of inner product of the input vector and the weight vector are different in each other". 
[0486] Since the input vector X takes two-valued values {0,1 }, it is necessary for satisfying above condition that sums 
15 of elements which are different are different, that is, relationships w^v/^w 3 and w 1 +W2^w 2 +w 3 7iW3+w 1 should be 
satisfied. As an example, when the weight vector W=(2°,2 1 ,2 2 ), the input vector X is regarded as two-valued repre- 
sentation and the two-valued representation is converted to a decimal representation , eight input vectors are converted 
into different integers from 0 to 7. 

[0487] Next, it will be described that the weight vector W in which "the scalars are different in each other" can take 

20 not only a form of the vector comprising elements of power of 2 but many other forms. 

[0488] When taking a weight vector W (k=4) in which elements are numbered in ascending order as an example, 
W4>w 3 >w 2 >w 1 , w 3 *w 1 +w 2 , w 4 *w 1 +w 3 , w 4 *w 2 +w 3 , w 4 * w 1 +w 2 +w 3 and w 4 +w 1 *w 3 +w 2 are needs to be satisfied in order 
for the scalars to be different to each other. An example satisfying this is (w 1 ,w 2 ,W3 l w 4 ) = (1,1.1,1.2,1.4), (w 1 ,w 2 ,w 3 , 
w 4 ) = (1,1.2,1.4,1.7), (WLW2.W3.W4) = (1,4,6,8), (WLW2.W3.W4) = (1,3,9,27) and the like. 

25 [0489] As for an input vector having k elements, it is necessary that sums of different elements in {w.,,w 2 , - , w,, "', 
w k ) are different to each other in order to identify the input vector having k elements. 

[a method for implementing the weight vector which can identify the input vector to the neuron MOS inverters] 

30 [0490] As mentioned in the related art, the elements w, of the weight vector corresponds to ratios of input gate 
capacitances between the input gate electrodes corresponding to each input variable and the floating gate. Thus, by 
differentiating sums of the input gate capacitance ratios to each other each of which comprises elements without over- 
lapping each other, the input vector can be identified. 

35 (embodiment 4-2) 

[0491 ] In the embodiment 4-2, a condition for insuring that input vectors of any number of elements can be identified 
and a weight vector for satisfying the condition will be shown. Next, a weight vector by which it is insured that the input 
vector can be identified will be shown, in which a limit of number of input variables will be added. Finally, a method for 
to implementing the weight vector to the neuron MOS inverter will be described. 

[0492] That is, in the embodiment 4-2, following descriptions will be given: "condition in which a limit is added to the 
method of deciding the weight vector according to the embodiment 4-1 ", "a set of the weight vectors which satisfy the 
condition to which the limit is added", "a set of weight vectors when the number of the input variables are limited" and 
"implementation to the neuron MOS inverter". 



[condition in which a limit is added to the method of deciding the weight vector according to the embodiment 4-1] 

[0493] Assuming that k elements of the weight vector W is represented by {w.,,w 2 , "\ w,, ' ", w k } in ascending order, 
ith element w, is set such that the following formula 44 is satisfied. 

50 



This formula 44 indicates tighter condition than that of the embodiment 4-1. Accordingly, it is ensured that the input 
vector having any number of elements can be identified. 



45 




(formula 44) 



55 
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[a set of the weight vectors which satisfy the condition to which the limit is added] 

[0494] Next, the elements w, of the weight vector W which satisfies the formula 44 will be shown concretely. 
[0495] First, the formula 44 is deformed into the following formula 45. 

J w jk ' (formula 45) 

(l^i<jfc-l) 

When one of solutions of satisfy the formula 45 is w,=a'- 1 (a>1 ), the formula 45 can be represented by following formulas 
46 and 47. 

f(a,i)=g(a,i)/(a-1) (1SiSk-1) (formula 46) 



The sign of the function f(cc,i) in the formula 46 is the same as the sign of the function g(cc,i) since a>1. Therefore, 
judgment of the sign of the function f(a,i) can be performed by using the function g(ct,i). Thus, when the following 
formula 48 is satisfied, the input vector can be identified. 

g(aJ)=a l (<x-2)+1>0(1Si=Sk-1) (formula 48) 

[0496] When first order differentiation of g(a,i) with respect to a is represented as g' (a,i), the following formulas 49 
are satisfied. 



fg'(i,0<o 

U'(2,i)>0 

k(M)=o 

U(2,j)=l>0 



(formula 49) 



[0497] Since the formulas 49 are satisfied, the function g(a,i) has at least one real number root in 1«x<2, and the 
40 function g(a,i) is positive for any i in a^2. Thus, when a weight vector which satisfies the following formula 50 is used, 
input vectors which have any number of elements can be identified. 

w, = a M ( ocS2) (formula 50) 

45 

[a set of weight vectors when the number of the input variables are limited] 

[0498] As mentioned above, the formula 50 represents the weight vector by which the input vector which has any 
number of elements can be identified. In addition, as mentioned above, a exists which satisfies g(a,i)>0 even when 

60 1 <a<2. This means that the input vector can be identified by adding a limit to the number of elements of the input vector. 
[0499] Figs.101A and 101B show relationships between a (0^a^2) and g(a,i) when i=1,2,3,4,5. When 1<a<2, the 
solutions of g(a,i)=0 are 1 .61 80, 1 .8393, 1 .9276 and 1 .9660 for each of i=2,3,4,5 respectively. As shown in Figs.1 01 A 
and 101B, if a>1, a>1.6180, a>1.8393, a>1.9276 and a>1.9660 are satisfied for the number of elements k=2,3,4,5,6 
respectively, i§k-1 is satisfied so that the condition of formula 45 is satisfied. Thus, the input vector can be identified 

55 in principle. 

[0500] Let us assume that S 2 is a scalar of a result of inner production when using (2°, 2 1 , "\ 2 1 " 1 , 2 k " 1 ) as a weight 
vector for the input vector which can be identified. In addition, let us assume that S a is a result of inner production of 
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the weight vector and the input vector. 

[0501] Fig. 102 shows relationships between the scalar S 2 and the scalar S„ when a=1.7, 1.9, 2.0, 2.2. When a&2, 
the function g(a,i) becomes larger than 0 (g(cc,i)>0). Therefore, the scalar S a is a monotone increasing function in which 
the gradient of S a does not become 0 with respect to the scalar S 2 . 
5 Therefore, as mentioned above, the input vectors can be identified to each other since there are no same value in the 
scalars S a for all input vectors. 

[0502] Since the scalar S a is a monotone increasing function in which the gradient of S a does not become 0 with 
respect to the scalar S 2 if S 2 ^7, S 2 S1 5 when a=1 .7, a=1 .9 respectively, the input vectors can be identified. Even when 
a is out of the bounds, if S 2 s31 is satisfied, there are no same value in the scalars S a . In this case, the formula 44 is 
10 not satisfied. However, the input vectors can be identified as described in the embodiments 4-1 . 

[implementation to the neuron MOS inverter] 

[0503] When the above-mentioned method is implemented an actual circuit, the above-mentioned formulas are not 
15 always be satisfied as for actual capacitance values for the reason of variations when manufacturing the circuit. In 
addition, the above-mentioned formulas are not always be satisfied due to a deciding method of significant digit or a 
reserving method of margin when designing the circuit. However, the above-mentioned method can be applied even 
when there are variations of values due to manufacturing or designing. 

20 (embodiment 4-3) 

[0504] In the embodiment 4-3, a method will be described in which a weight vector by which the input vectors can 
be identified is decided by decreasing the value of the formula 51 as possible when there is a lower limit in the minimum 
value C' w., of elements of the weight vector which is shown in the related art. 



30 [0505] This method corresponds to deciding the input gate capacitance ratio while decreasing the total sum of the 
input gate capacitance values as possible when there is a lower limit of the minimum value of the input gate capacitance 
values in the neuron MOS inverter. 

[example and problem when the minimum value is limited] 

35 

[0506] As an example of the case that the minimum value of the input gate capacitance value is limited, a case can 
be considered in which variations of capacitance values are suppressed in a process of manufacturing the capacitances 
when the capacitances are implemented to actual circuits. 

[0507] In the embodiment 4-2, the minimum value is limited to a values, the ratio of the input gate capacitances 
to increases by power of a value. Therefore, there is a problem in that the area cost becomes large. 

[a method of decreasing the exponent value of the power] 

[0508] In order to decrease the area cost, it is effective to decrease the exponent value of the power. When assuming 
45 that {w., ,w 2 ,-"Wj,"\w k } represents the elements of the weight vector in ascending order, set ith element Wj as the following 
formula 52 wherein ot>1 . 




(formula 51) 



50 




(formula 52) 



[0509] When the formula 52 is satisfied, the following formula 53 is satisfied. 
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5 fia,pj)=^^^g'(a,i){l<i-£k-l) (formula 53) 

10 

[0510] In the same way as the embodiment 4-2, according to the embodiment 4-3, since f (i)>0 is satisfied for any 
i, that is, for any k when ai=2, the input vectors can be identified. Even when 1 <oc <2, f (i)>0 can be satisfied by limiting 
k so that the input vectors can be identified. 

15 [effect to the area cost] 

[0511] Let us assume that Sum (2) is the sum of the elements of the weight vector when wfa H in the embodiment 
4-2. In addition, let us assume that Sum (3) is the sum of the elements of the weight vector when the minimum value of 
the input gate capacitance values are limited. In both of Sum (2) and Sum (3) , w.,=1 and a=2. Sum {2) is represented by 
20 the following formula 54 and Sum (3) is represented by the following formula 55, 

Sum, 2) = 2 k -1 (formula 54) 



Sum (3) = 1+(2 ,r1 -1)(1+P) (formula 55) 

[0512] Thus, the ratio T| of the sum Sum (3) to the sum Sum {2) can be represented by the formula 56. 

n = {i+(2 k - 1 -1)(1+p))/(2 k -1) (formula 56) 

[0513] Fig.103 shows relationships between weight modulation coefficient p and the ratio T| of the sum Sum (3) to the 
sum Sum {2) when k=2,3,4. That is, Fig. 1 03 shows reduction ratios of the area cost in the embodiment 4-3. When p=0.5, 
the area cost varies to an extent according to the number k of elements. However, the area cost can be decreased to 
about 77%~83%. 

[implementation to the neuron MOS inverter] 

[0514] When the above-mentioned method is implemented an actual circuit, the above-mentioned formulas are not 
always be satisfied as for actual capacitance values for the reason of variations when manufacturing the circuit. In 
addition, the above-mentioned formulas are not always be satisfied due to a deciding method of significant digit or a 
reserving method of margin when designing the circuit. However, the above-mentioned method can be applied even 
when there are variations of values due to manufacturing or designing. 

(embodiment 4-4) 

[0515] In the embodiment 4-4, an integrated circuit will be described. The integrated circuit can set one of two-valued 
values for each of 2 k input vectors which has k elements according to a method of deciding the weight vector, that is, 
the input gate capacitance ratio wherein input vectors can be identified by the weight vector which is described in 
embodiment 4-1 ~4-3. 

[definition of terms] 

[051 6] First, terms which will be often used when the operation of the integrated circuit is described will be described. 

that is, the terms used for describing the operation of the neuron MOS inverter shown in Fig. 6. 

[0517] "floating gate threshold voltage" is a voltage of the floating gate of the neuron MOS inverter when the output 
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signal of the neuron MOS inverter is logically inverted with respect to the voltage of the floating gate, "maximum floating 
gate voltage" is a voltage of the floating gate when all of the input signal are logical 1 . "normalized floating gate voltage 
U fg " is a floating gate voltage which is normalized by the maximum floating gate voltage, "normalized floating gate 
threshold voltage U fth " is a floating gate threshold voltage which is normalized by the maximum floating gate voltage. 
5 "input charge amount Q" is a charge amount accumulated in an input gate capacitance of a terminals to which an input 
variable is input, "input threshold charge amount Q ith " is an input charge amount Q, when the normalized floating gate 
voltage U fg is the same as the normalized floating gate threshold voltage U flh . 

[circuit structure of an integrated circuit for realizing any logic function] 

10 

[0518] In the following, a circuit structure of an integrated circuit for realizing any logic function based on the above- 
mentioned concept will be described. 

[0519] Fig.96 shows a structure of a reconfigurable function logic integrated circuit 801 according to the embodiment 
of the present invention. The structure will be described first. 
15 [0520] The integrated circuit 801 , which realizes logic function of k input variables, is configured by two stages of 
neuron MOS inverters in the same way as integrated circuits in other embodiments, that is, the integrated circuit 801 
is configured by pre-inverters 901 and the main inverter 900. 

[0521] The pre-inverters 901 form the first stage and the main inverter 900 forms the second stage, in this embodi- 
ment, 2 k pre-inverters are provided in the first stage. 

20 [0522] Each pre-inverter 901 includes input gate electrodes which are connected to the first input signal terminals 
input1[1]~input1[k] to which k input variables are input, one input gate electrode in input gate electrodes which are 
connected to the second input signal terminals input2[1]~input2[2 k ] to which logic function configuration data is input, 
input gate electrodes which are connected to terminals which have fixed voltage such as the power supply or the 
ground, and an output terminal, in which the input gate electrodes which are connected to terminals which have fixed 

25 voltage control the threshold value of the pre-inverter with respect to the input signal. 

[0523] The main inverter 900 includes input gate electrodes which are connected to the k first input signal terminals, 
input gate electrodes which are connected to the output terminals of the pre-inverters 900, and an output terminal. 

[design of the main inverter 900] 

30 

[a method for deciding ratio of capacitances which are connected to the pre-inverters 901] 

[0524] In the following, a method for setting the ratio of capacitances between the input gate electrodes which are 
connected to the output terminals of the pre-inverters 901 and the floating gate in the main inverter 900 of the integrated 
35 circuit 801 will be described, let us assume that the number of elements k=3 and the ratio of the weight vector for 
identifying the input vectors, that is, the ratio of the input gate capacitances for the first input signals is (1 ,3,5). 
[0525] Fig. 97 shows relationships between the input charge amount 



40 Qi"'^ l 3 M C t' V i (formula 57) 

in the main inverter 900 and the normalized floating gate voltage U fg when the number of elements k=3 and the weight 
vector is (1 ,3,5). 

45 [0526] In Fig.97, the lateral axis indicates the charge amount Q- t and the vertical axis indicates the normalized floating 
gate voltage U fg . In the lateral axis, each input vector corresponding to each Q, is denoted. In Fig.97, C lotai is the sum 
of all input gate capacitance values which can be represented as follows. 



2' i C ' + 2*-i C 'M (formula 58) 

[0527] First, the normalized floating gate threshold voltage U fth is set to 1/2. When all of the first input signals are 
logical 1 , the input charge amount Q, becomes maximum. The normalized floating gate voltage U fg by this input charge 
amount Q| is set such that it does not exceed the normalized floating gate threshold voltage U fth . 
[0528] Next, when the input vector (Xg.Xz.x.,) is (1,1,1) in which the input charge amount Q, is the maximum, the 
capacitance value of C p8 between an input gate and the floating gate is set such that the normalized floating gate 
voltage U fg becomes larger than the normalized floating gate threshold voltage when only the output signal of the 
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eighth pre-inverter in the 2 3 pre-inverters is logical 1 . 

[0529] When the input vector is (1,1,0) which has one smaller charge amount than that of (1,1,1), the normalized 

floating gate voltage U fg is set to be smaller than the normalized floating gate threshold voltage 1%,. 

[0530] In the same way as the above case when the input vector is (1 ,1 , 1 ) and C pB is set, the input gate capacitance 

5 value C p7 which is connected to the seventh pre-inverter is set such that the normalized floating gate voltage U fg 
becomes larger than the the normalized floating gate threshold voltage U fth when the input vector is (1 ,1 ,0) and if only 
the output signals of the seventh and eighth pre-inverters are logical 1 . When the input vector is (1 ,0,1 ), C p7 is set such 
that the normalized floating gate voltage U fg becomes smaller than the normalized floating gate threshold voltage U fth . 
[0531] In the same way, in descending order of input charge amount, input gate capacitance values C pB , C p5 , C p4 , 

10 C P 3> C P 2. C P 1 corresponding to input vectors (1,0,1), (1,0,0), (0,1,1), (0,1,0), (0,0,1), (0,0,0) respectively are set. 

[0532] According to the above-mentioned method, the input gate capacitance values which are connected to the 
output terminals of the 2 3 pre-inverters 901 are set. 

[description of the reason that any logic function can be realized] 

15 

[0533] In the following, it will be described that the main inverter having the input gate capacitance values set by the 
above-mentioned method can realize any logic function. 

[0534] As shown in the lateral axis of the input charge amount Q,, there are two input vectors next to each input 
vector except for (0,0,0) and (1 ,1,1). That is, for each input vector, there exist an input vector in which corresponding 
20 charge amount is larger than that of the each input vector and an input vector in which corresponding charge amount 
is smaller than that of the each input vector. Between these three input charge amount, any input charge amount of 
any other input vector does not exist. 

[0535] As for the input vector (0,0,0), only the input vector (0,0,1 ) in which the charge amount is larger exists. As for 
the input vector (1,1,1), only the input vector (1 ,1 ,0) in which the charge amount is smaller exists. 

25 [0536] Each pre-inverter 901 has a capability in that the pre-inverter is logically inverted so that the logic value of 
the output signal changes from 1 to 0 at an input charge amount between an input charge amount of an input vector 
and the larger charge amount Q| of the one next input vector or at an input charge amount between an input charge 
amount of an input vector and the smaller charge amount Q, of the another next input vector. In this case, ordering of 
the normalized floating gate voltage U fg and the normalized floating gate threshold voltage U fth for each input vector 

30 depends only on the value of logical 1 or 0 of the output signal of the pre-inverter which is in one-to-one correspondence 
with each input vector. 

[0537] In Fig.97, a black circle for each input vector indicates that the normalized floating gate voltage U fg is larger 
than the normalized floating gate threshold voltage U fth . A white circle for each input vector indicates that the normalized 
floating gate voltage U fg is smaller than the normalized floating gate threshold voltage V nh . 
35 [0538] Therefore, any logic function can be realized by applying control signals as logic function configuration data 
to the pre-inverters 901 , wherein the each of control signals selects one of two input threshold charge amounts which 
is included in a pre-inverter. 

[design of the pre-inverter 901] 

40 

[a method of deciding capacitance ratio for having two Q ith s] 

[0539] In the following, a method will be described in which each pre-inverter 901 has two input threshold charge 
amounts Q ith s. 

45 [0540] Fig.98 shows a circuit diagram of a jth pre-inverter and relationships between input gate electrodes and the 
floating gate. In the following, a fifth pre-inverter corresponding to an input vector (1,0,0) will be taken as an example 
among the 23 pre-inverters 901 . 

[0541] Fig.99 shows the relationship between the input charge amount Q, and the normalized floating gate voltage. 
U fg of the fifth pre-inverter. In Fig.99, C tota , is represented as follows. 

50 

2-. 1 C 5ii +C 5 2 o +C ^ (formula 59) 

55 [0542] First, the input gate capacitance values C 5II for inputting first input signals in the fifth pre-inverter 901 is set 
such that the input vectors can be identified. In Fig.99, the ratio of the input gate capacitances for the first input signals 
is set to be the same ratio as the main inverter 900. However, this is not necessary the same. Any value can be taken 
as long as the input vectors can be identified. 
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[0543] Next, the input gate capacitance value C m for the first input signal and the input gate capacitance value C 520 
for the second input signal are set such that, when the second input signal is logical 0, an input threshold charge 
amount Q ith0 exists between Q| of the input vector (1 ,0,0) and Q| of the input vector (1 ,0,1 ), in addition, when the second 
input signal is logical 1 , an input threshold charge amount Q ilh1 exists between Q } of the input vector (1 ,0,0) and Q, of 
5 the input vector (0,1 ,1 ), wherein the normalized floating gate voltage U fg becomes the same as the normalized floating 
gate threshold voltage 1%, in each of the input threshold charge amounts Q| th0 and Q lth1 . 

[0544] At this time, when the input vector is (1 ,0,0), the normalized floating gate voltage U fg of the pre-inverter 901 
may take two values which are shown by a black circle and a white circuit in Fig.99. One value is larger than the 
normalized floating gate threshold voltage when the second input signal is logical 1 , another value is smaller than 
10 the normalized floating gate threshold voltage U fth when the second input signal is logical 0. 

[0545] Fig. 100 shows a relationship between the input vectors (or input charge amounts Q|) and the logical values 
of the output signals of the pre-inverter 901 when the relationship between the input vectors and the normalized floating 
gate voltage U (g is as shown in Fig.99. 

[0546] As shown in Fig.100, the output is logical 1 until the input vector is (0,1,1) in which corresponding charge 
is amount Q, is smaller than that of the input vector (1 ,0,0). As for input vectors such as (1 ,0,1 ) in which corresponding 
charge amount Q, is larger than that of the input vector (1 ,0,0), the output becomes logical 0. Accordingly, the above- 
mentioned function for a pre-inverter can be realized. The logical value of the output signal is 0 when the normalized 
floating gate voltage U fg is larger than the normalized floating gate threshold voltage U^, it is 1 when the normalized 
floating gate voltage U fg is smaller than the normalized floating gate threshold voltage U fth . 
20 [0547] The above-mentioned description is on a method of designing a circuit which realizes any logic function for 
k=3. When k is other than 3, any logic function can be realized in the same way mentioned above. In addition, according 
to the method, the integrated circuit 801 can be designed. 

[description in a case when a neuron MOS inverter with a switch which is different from the neuron MOS inverter] 

25 

[0548] In the following, an integrated circuit 802 which includes a neuron MOS inverter with a switch will be described. 
Fig.115shows the function reconfigurable function integrated circuit 802 which is an modified example of the integrated 
circuit 801. 

[0549] The structure of the function reconfigurable function integrated circuit 802 is similar to the integrated circuit 
30 801 shown in Fig. 96. The difference between the integrated circuit 802 and the integrated circuit 801 is that, in the 
integrated circuit 802, the main inverter 910 is substituted for the main inverter 900 of the integrated circuit 801 and 
the prerinverters 911 are substituted for the pre-inverters 910. 

[0550] The floating gates of the main inverter 900 and the pre-inverter 901 of the integrated circuit 801 are not 
connected to any terminals so that they are in completely floating state. On the other hand, each of the main inverter 
35 91 0 and the pre-inverter 911 of the integrated circuit 802 is a neuron MOS inverter with a switch using a neuron MOS 
transistor with a switch. The neuron MOS transistor with a switch is a neuron MOS transistor in which the floating gate 
can connect to or disconnect from a terminal which has a voltage by conducting or interrupting a switch element such 
as an NMOSFET. 

[0551] In the integrated circuit 802, the main inverter 910 connects to or disconnects from a terminal which has a 
40 voltage via an NMOSFET 913 for main inverter initialization which is controlled by a signal of the terminal ctlm. 

[0552] Each pre-inverter 911 connects to or disconnects from a terminal which has a voltage via an NMOSFET 914 
for pre-inverter initialization which is controlled by a signal of the terminal ctlp. 

[0553] Except for the above-mentioned points, the structures of the integrated circuit 801 and the integrated circuit 
802 are the same. Therefore, descriptions hereinafter will be given by using a circuit which includes the main inverter 
45 and the pre-inverters which are the same as those used by the integrated circuit 801 shown in Fig.96. The same design 
method can be applied to the integrated circuit 802. 

(embodiment 4-5) 

so [0554] In the embodiment 4-5, the number of the pre-inverters is decreased in the two stage reconfigurable function 
logic integrated circuit by representing the function configuration data as multiple-valued values. 

[circuit structure of an integrated circuit when multiple-valued value representation is used for the configuration data] 

55 [0555] Fig. 1 04 shows a circuit diagram of an integrated circuit according to the embodiment of the present invention 
which has the above-mentioned capability. 

[0556] The integrated circuit 803, which realized logic function of k input variables, is configured by two stages of 
neuron MOS inverters in the same way as integrated circuits in other embodiments. That is, the integrated circuit 803 
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is configured by pre-inverters 1002 and the main inverter 1001. 

[0557] The main inverter 1 001 includes input gate electrodes which are connected to the k first input signal terminals 
input1[1]~input1[k], input gate electrodes which are connected to the output terminals of the pre-inverters 1002. 
[0558] Each pre-inverter 1 002 includes input gate electrodes which are connected to the first input signal terminals 

5 inputl [1 ]~input1 [k] to which k input variables are input, input gate electrodes which are connected to the second input 
signal terminals input2[11]~input2[ha h ] to which logic function configuration data is input, input gate electrodes which 
are connected to terminals which have fixed voltage such as the power supply or the ground, in which the input gate 
electrodes which are connected to terminals which have fixed voltage control the threshold value of the pre-inverter 
with respect to the input signal. 

10 [0559] Comparing with the embodiment 4-4, the integrated circuit 801 in the embodiment 4-4 includes one second 
input signal terminal for each pre-inverter and 2 k pre-inverters. On the other hand, as for the integrated circuit 803, 
each pre-inverter 1002 has a plurality of second input signal terminals and the integrated circuit 803 includes pre- 
inverters fewer than 2 k . That is, in Fig. 104, "h" in the second input terminal input2[ha h ] indicates the number of pre- 
inverters which is smaller than 2 k . "a h " indicates the number of the second input signal of hth pre-inverter 1 002. 

15 [0560] To use a plurality of second input signals is equivalent to using multiple signals when one second input signal 
is used. For example, when using two-valued values, two values (two-valued values) (0,1) can be represented. When 
using two input signals, four different values {(0,0), (0,1), (1,0), (1,1)} can be represented. 

[design of the pre-inverter 1002 : a method of deciding the input gate capacitance ratio] 

20 

[0561] In the following, it will be described that the integrated circuit 803 can generate any input threshold charge 
amounts Q ith with respect to the input signal according to the circuit structure of the pre-inverter 1 002. 
[0562] As an example, a case when k=2 and two second input signals are used will be described. Fig. 105 is a circuit 
diagram of a neuron MOS inverter INV3 which has three threshold values with respect to the input signal. 

25 [0563] The neuron MOS inverter INV3 includes two first input signal terminals inputl [1],input1 [2], two second input 
signal terminals input2[h1],input2[h2] and a terminal which is connected to the ground. Let us assume that the input 
gate capacitance values between each input gate electrodes and the floating gate are C 11f C 12 , C 2h i, C 2h2 , C gnd . The 
input gate capacitance values and C 12 is set such that 0^:0^=1:2 is satisfied so that the input vectors can be 
identified as described in the embodiment 4-4. 

30 [0564] When assuming that the input variables corresponding to the input terminals inputl [1] and inputl [2] which 
have C n and C 12 respectively are x., and x 2 , the input vector (x 1 , x 2 ) can be represented as (0,0), (1 ,0), (0,1 ), (1 ,1 ) in 
ascending order by the input charge amount Q ( . 

[0565] Next, a method will be described in which the input gate capacitance values C 2h1 , C 2h2 , C gnd are decided 
such that one input threshold charge amount Q|, h is set in each of three region, one region is between (0,0) and (1 ,0), 

35 another region is between (0,1) and (1,1), still another region is a region larger than (1,1). 

[0566] Fig. 106 shows relationships between the input charge amounts of the neuron MOS inverter INV3 which has 
the above-mentioned characteristics and the normalized floating gate voltage U fg . Let us assume that the normalized 
floating gate threshold voltage U fth is set to around 1/2. In Fig.106, C, ota , indicates C^+O^+C^+Caz+Cgnd, lineO 
indicates the normalized floating gate voltage U fg when all input signals other than the first input signals are logical 0, 

40 linel indicates the normalized floating gate voltage U fg when the second input signal input from input2[h1] is always 
1, and line2 indicates the normalized floating gate voltage U fg when both of the second input signals input from input2 
[hi] and input2[h2] are always logical 1. 

[0567] Since a Q ith in a region in which Q, is larger than that of the input vector (1 ,1 ), (C^+C^IC^ is set to be 
smaller than 1/2. That is, since the maximum input threshold charge amount is larger than the input charge amount at 
45 the input vector (1,1) among the three input threshold charge amounts, {C v +C^ 2 )IC tola f which is equivalent to the 
normalized floating gate voltage when input vector is (1,1) should be set to be smaller than the normalized floating 
gate threshold voltage U flh =1/2. Accordingly, lineO intersects with the normalized floating gate threshold voltage U fth 
in a region in which corresponding Qj is larger than that of the input vector (1 ,1 ). 

[0568] In Fig.1 06, each of Q„ h exists at a point of intersection of lineO, linel , Iine2 and the normalized floating gate 
50 threshold voltage U fth . In Q, in which the normalized floating gate voltage U fg of Iine0~line2 is smaller than the normal- 
ized floating gate threshold voltage U^,, the output signal of the neuron MOS inverter is always logical 1. On the other 
hand, in Q, in which the normalized floating gate voltage U fg of Iine0~ Iine2 is larger than the normalized floating gate 
threshold voltage 1%,, the output signal of the neuron MOS inverter is always logical 0. 

[0569] In addition, since the input threshold charge amount Q uh of the neuron MOS inverter INV3 is set as Qj between 
55 the input vectors (1 ,0) and (1,1), C 2h1 /C tota | is set such that a point of intersection of Iine2 and the normalized floating 
gate threshold voltage 1%, resides in between the input vectors (0,1) and (1,1). 

[0570] In the same way, in order to set Q ith between the input vectors (0,0) and (1 ,0), C 2h2 /C tota , is set such that a 
point of intersection of Iine2 and the normalized floating gate threshold voltage U flh resides in between the input vectors 



58 



EP 1 115 204 A2 



(0,0) and (1,0). 

[0571] Finally, 1-(C 11 +C 12 +C 2h1 +C 2h2 )/C tota | is set to be C gnd /C tota |. By deciding the input gate capacitance value in 
this way, the input threshold charge amount Q ith . 

s [input-output characteristics of the pre-inverter 1 002] 

[0572] In Fig.1 07, the lateral axis indicates Q, and the vertical axis indicates the output voltage V out which is normal- 
ized by the power supply voltage V dd , that is, logical value. (1 ,1), (1 ,0), (0,0) in Fig.107 show that the logical values of 
the second input signal terminals input2[h1] and input2[h2] are (1,1), (1,0), (0,0). 
10 [0573] As shown in Fig.107, by setting the input gate capacitances as mentioned above, and by using three values 
(1,1), (1,0), (0,0) in four values each of which is represented by the two two-valued second input signals, a neuron 
MOS inverter which has three different threshold values can be designed. 

[circuit structure of the main inverter 1001] 

15 

[0574] By using the neuron MOS inverter designed by the above-mentioned method as the pre-inverter 1 002, the 
integrated circuit 803 which is configured by smaller number of pre-inverters than the embodiment 4-1 can realize any 
logic function. In the following, an example when k=2 will be described. 

[0575] Fig. 108 shows a circuit diagram of an integrated circuit 804 according to an embodiment of the present in- 
20 vention. This integrated circuit 804 can reconfigure the logic function in k=2. 

[0576] According to the embodiment 4-4, 2 k =4 pre-inverters are required when k=2. On the other hand, the above- 
mentioned pre-inverters are used in the integrated circuit 804 so that three pre-inverters is enough for realizing the 
same capability. 

[0577] The main inverter 1 1 00 has input gate capacitances of C m1 , C m2 between the first input signal terminals inputl 
25 [1 ] inputl [2] and the floating gate, wherein input variables x 1 and x 2 are input to inputl [1] and inputl [2] respectively. 
In addition, the main inverter 1 1 00 has input gate capacitances of C p1 ,C p2 ,C p3 between the terminals connected to the 
output terminals of the pre-inverters 1101, 1102, 1103 and the floating gate. In the circuit 804, C m1 :C m2 =1:2 is satisfied 
so that the input vectors can be identified. The input gate capacitance values C p1 ,C p2 ,C p3 are determined as follows. 

30 [a method of deciding input gate capacitance ratio of the main inverter 1100] 

[0578] In the embodiment 4-4, any logicfunction is realized by deciding a pre-inverter in a one-to-one correspondence 
with each input vector and by associating the logical value of the output signal with the logical value of the output signal 
of the main inverter. 

35 [0579] On the other hand, according to the integrated circuit 804, a pre-inverter which is in a one-to-one correspond- 
ence with a predetermined input vector among the four input vectors is decided among the pre-inverters 1101 , 1102, 
1103. Then, the logical value of the output signal of the decided pre-inverter is associated with the logical value of the 
output signal of the main inverter 1 1 00. As for the other three input vectors, the logical value of the output signal of the 
main inverter 1100 is decided by a combination of the logical values of the output signals of the two pre-inverters. 

40 [0580] Fig.109 shows the relationship between Q, (or input vector) in the main inverter 1100 and the normalized 
floating gate voltage U fg in the integrated circuit 804 shown in Fig.108. 
[0581] In Fig.109, 



(formula 60) 



in the lateral axis indicates Q, and (0,0), (1,0), (0,1), (1,1) indicate the input vectors of the input variable (x,, x 2 ). The 
vertical axis indicates the normalized floating gate voltage U fg . 
50 [0582] In Fig.109, U fth indicates the normalized floating gate threshold voltage and C tota! indicates the total sum of 
the input gate capacitance values (C m1 +C m2 +C p1 +Cp 2 +C p3 ). 

[0583] C p1 +C p2 +C p3 is set such that, at the input vector (1,1) at which the input charge amount is maximum, the 
normalized floating gate voltage U fg at the time when the logical values of output signals of all pre-inverters are 0 does 
not exceed the normalized floating gate threshold voltage U fth . Let us assume that w m2 , w p1 , w p2 , w p3 represent the 
55 ratio of C m2 , C p1 , C p2 , C p3 with respect to C m1 . In the example shown in Fig.109, w m2 =2 and (w p1 +w p2 +w p3 )=4. 

[0584] Next, w p1 and (w p2 +w p3 ) are set such that, at the input vector (0,0) at which the input charge amount is 
minimum and when the output signals of the pre-inverters 11 02, 11 03 are logical 1 , the normalized floating gate voltage 
U tg at the time when the logical values of output signals of all pre-inverters are 0 is smaller than the normalized floating 
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gate threshold voltage U fth , in addition, the normalized floating gate voltage U fg at the time when the output signal of 
the pre-inverter 1101 is logical 1 is larger than the normalized floating gate threshold voltage U fth . The example shown 
in Fig. 109 is w p1 =1 and (w p2 +w p3 )=3. 

[0585] In addition, in the pre-inverter 1101, two input threshold charge amounts Q lth are set by one second input 
5 signal, one Q ith is smaller than Q, of the input vector (0,0) and another Q ith is between the input vectors (0,0) and (1 ,0). 
[0586] Finally, w p2 and w p3 are set such that when the input vector is (1 ,1 ), a first normalized floating gate voltage 
U fg is larger than the normalized threshold floating gate voltage U fth , wherein the first normalized floating gate voltage 
U fg is a value when only the output signal of the pre-inverter 1 1 03 is logical 1 and the logical signals of the pre-inverters 
11 01 and 1 1 02 are 0, in addition, when the input vector is (0,1 ), a second normalized floating gate voltage U fg is smaller 
10 than the normalized threshold floating gate voltage U fth , wherein the second normalized threshold floating gate voltage 
Uf( h is a value when on| y the out P ut si 9 nal of the Pre-inverter 1 1 03 is logical 1 and the logical signals of the pre-inverters 
1101 and 1102 are 0. 

[0587] In addition, w p2 and w p3 are set such that the following conditions are satisfied. First condition is that, when 
the input vector is (1 ,0), a first normalized floating gate voltage U fg is larger than the normalized threshold floating gate 

15 voltage U fth , wherein the first normalized floating gate voltage U fg is a value when the logical values of output signals 
of the pre-inverters 1101, 1102, 1103 is (0,1,1). Second condition is that, when the input vector is (1,0), a second 
normalized floating gate voltage U fg is smaller than the normalized floating gate voltage U fth , wherein the second 
normalized threshold floating gate voltage U fg is a value when the combination is (0,1,0). The third condition is that, 
when the input vector is (0,1 ), a third normalized floating gate voltage U fg is larger than the normalized threshold floating 

20 gate voltage U^, wherein the third normalized floating gate voltage U fg is a value when the logical values of output 
signals of the pre-inverters 1101, 1102, 1103 is (0,1,0). 
[0588] In an example shown in Fig.109, w p2 =2 and w p3 =1 . 

[0589] In addition, in the pre-inverter 1102, four threshold values are set by applying two two-valued signals from 
the two second input signal terminals input2[21] and input2[22], wherein the four threshold values are in a region 
25 between the input vectors (0,0) and (1,0), a region between the input vectors (1,0) and (0,1), a region between the 
input vectors (0,1) and (1,1) and a region larger than the input vector (1,1). 

[0590] In the pre-inverter 1 1 03, three threshold values are set by applying two two-valued signals from the two second 
input signal terminals input2[31] and input2[32], wherein the three threshold values are in a region between the input 
vectors (0,0) and (1 ,0), a region between the input vectors (0,1 ) and (1 ,1 ) and a region larger than the input vector (1,1). 
30 [0591 ] As mentioned above, by determining the input gate capacitance ratio of the main inverter 1 1 00 and the thresh- 
old values of the pre-inverters 1 1 01 , 1 1 02, 1 1 03, any logic function can be realized when the number k of elements is 2. 

[concrete configuration data] 

35 [0592] Fig. 110 shows relationships between the normalized floating gate voltage U fg and logical values (Y p2 ,Y p3 ) of 
the output signals of the pre-inverters 1102, 1103, when the integrated circuit 804 realizes 8 logic functions among 16 
logic functions which can be realized by input variables x., and x 2 when the number k of elements is 2. 
[0593] The normalized floating gate voltage U fg is represented as 1 when it is larger than the normalized floating 
gate threshold voltage U fth , and is represented as 0 when it is smaller than the normalized floating gate threshold 

40 voltage U fth . The logical value of the output signal of the main inverter 11 00 is a logically inverted value of the normalized 
floating gate voltage U fg in Fig. 110. 

[0594] As for the integrated circuit 804, as shown in Fig. 1 09, the logical value of the output signal of the main inverter 
1100 is determined only by the two-valued value of the output signal of the pre-inverter 1101 . Therefore, Fig. 110 shows 
a case when the logical value of the output signal of the pre-inverter 1101 is 0. 
45 [0595] When the input vector is (0,0), only if the logical value of the output signal of the pre-inverter 1 1 01 is 1 without 
affecting to any other signal, the normalized floating gate voltage U fg becomes larger than the normalized floating gate 
threshold voltage U fth . Therefore, realizing 8 logic functions means that all of the 16 logic functions can be realized. 

[a summary of the case of k=2] 

50 

[0596] As mentioned above, the integrated circuit 804 can any of the 16 logic functions when k=2. The integrated 
circuit 801 of the embodiment 4-1 requires 4 pre-inverters when k=2. On the other hand, the integrated circuit 804 can 
realize the same capability as that of the integrated circuit 801 with three pre-inverters. In addition, by decreasing the 
number of the pre-inverters, the area cost of the integrated circuit can be decreased. 

[generalization] 

[0597] In the following, it will be described that the above-mentioned designing method can effectively used not only 
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for k=2 but also for any number of k using (3/4)'2 k pre-inverters. 

[0598] Fig. 111 shows the relationship between input vectors or input charge amounts and the normalized floating 
gate voltage U fg for a main inverter of an integrated circuit which is designed by the same designing method, extended 
to k=3, as that of the integrated circuit 804. 
s [0599] There exist 2 k input vectors of k input variables so that there are 2 k logic functions which can be realized by 
the input vectors at the maximum, let us assume that the input vectors are arranged in ascending order by corresponding 
input charge amount and each of four input vectors is brought together into a block. 

[0600] Accordingly, 2 k " 2 blocks are generated. Thus, by applying the same method as that for the integrated circuit 
804 to each block, any logic function for input vectors included in the block can be realized by using three pre-inverters 
10 for the block. 

[0601] In Fig.111, input vectors (0,0,0)~(1,1,0) are in a block and input vectors (0,0,1 )~(1, 1,1) are also in a block. 
Accordingly, it can be understood that the relationship between the input vectors and the normalized floating gate 
voltage U fg has a periodic structure by unit of the block. 

15 [summary of this embodiment] 

[0602] According to the method of the embodiment, the 2 k th power of 2 logic functions which can be realized by k 
input variables can be realized by using (3/4)2 k pre-inverters. As mentioned above, when the function configuration 
data is represented by multiple-valued values, the sum of the number of the second input signals in the integrated 
20 circuit is the same as that (2 k ) in the embodiment 4-1 or is larger than 2 k . The number of the pre-inverters can be 
decreased on one hand but the number of the second input signals increases so that the number of the input gate 
electrodes increases on the other hand. 

[0603] However, generally the effect for the area cost obtained by decreasing the number of the pre-inverters is 
larger than the effect obtained by increased number of the input gate electrodes for inputting the second input signals. 
25 Thus, by applying the above-mentioned embodiment, the function reconfigurable integrated circuit can be realized with 
lower area cost. 

(embodiment 4-6) 

30 [0604] As mentioned in the embodiment-4-5, the threshold value with respect to the input signal can be set as the 
input charge amount in the pre-inverter of the integrated circuit 803 by applying a plurality of second input signals. 
[0605] In the following, it will be described that the same capability can be realized by using physically multiple- 
valued values as input signals even when only one second input signal terminal is used. 

35 [structure of an integrated circuit when using the multiple level voltages : comparing with the embodiment 4-5] 

[0606] Fig.112 shows the circuit structure of the function reconfigurable integrated circuit 805 which uses multiple 
level voltages as the second input signal. The input gate capacitance values of the main inverter 1 200 and the threshold 
voltage of the floating gates are set in the same way as the integrated circuit 804 of the embodiment 4-5. The integrated 
40 circuit 805 is different from the integrated circuit 804 in a method for designing the number of the second input signal 
terminals and the threshold values of the pre-inverters 1201. 

[circuit structure and the operation of the pre-inverter] 

45 [0607] Fig.113 shows the circuit structure of the pre-inverter 1201 of the integrated circuit 805. The circuit structure 
and the operation of the pre-inverter 1201 will be described comparing with the neuron MOS inverter INV3. And, it will 
be described that applying a plurality of two-valued second input signals is equivalent to applying one second input 
signals of the multiple level voltage so that completely same capability can be realized. 

[0608] The value C zh is set to the value C 2h1 +C 2h2 , wherein C 2h indicates a value of a capacitance of an input gate 
so which is connected to the second input signal terminal input2[h] of the pre-inverter 1201 shown in Fig.113, C 2h1 and 
C 2h2 are values of capacitances of input gates to which the second input signals are input in the neuron MOS inverter 
INV3 shown in Fig.105. 

[0609] Fig. 114 shows the relationship between the input vectors or the input charge amounts Q| of the pre-inverter 
1201 and the normalized floating gate voltage U fg when the above-mentioned input gate capacitance values are used. 
55 [0610] In Fig.114, C tota | represents C n +C n + C 2h +C gnd , lineO is the normalized floating gate voltage U fg when the 
signal input to the second input signal terminal input2[h] is logical 0, linel is the normalized floating gate voltage U fg 
when the signal input to the second input signal terminal input2[h] is logical 1. 

[0611] When the input signal is a two-valued value, only two states of lineO and linel can be taken. On the other 
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hand, when the multiple-valued value can be used, any value between lineO and linel can be taken. As a multiple- 
valued value, by using logical 1/3, the input threshold charge amounts Q ith can be set in the same way as those shown 
in Fig. 1 06. That is, in order to set Q ith at the same Q, of Fig.1 06, three values 1 , (1/3) and 0 can be used as the second 
input signal of the pre-inverter 1201 of Fig.113. 

[0612] According to the above-mentioned embodiment, by using the multiple level voltage as the second input signal, 

the same capability as that realized when a plurality of two-valued input signals are used can be realized. 

[0613] According to the designing method of the function reconfigurable integrated circuit of the present invention, 

any logic function capability can be implemented in the neuron MOS circuit easily and with a low cost. 

[0614] In addition, according to the integrated circuit designed by the method, the logic functions can be reconfigured 

and the area cost can be suppressed to small. 

[0615] The present invention is not limited to the specifically disclosed embodiments, and variations and modifications 
may be made without departing from the scope of the invention. 



Claims 

1 . A function reconfigurable semiconductor device, characterized by: 

a plurality of function cells, each of said function cells being a basic unit which realizes a function; 

each of said function cells including a plurality of threshold elements; 

each of said threshold elements including means which stores a threshold value; and 

wherein a function which is realized by said function cell is determined by determining said threshold value in 

each of said threshold elements. 

2. The semiconductor device as claimed in claim 1 , further comprising a nonvolatile memory which stores data for 
realizing said function in said function cells. 

3. The semiconductor device as claimed in claim 2, wherein said function cells are connected by wiring which can 
change a connection status. 

4. The semiconductor device as claimed in claim 3, further comprising at least two control systems, 

each of said threshold elements being connected to said control systems via said wiring; and 
at least one control system of said control systems being connected to said nonvolatile memory. 

5. The semiconductor device as claimed in claim 1 , each of said function cells including a plurality of stages, each 
of said stages including at least one threshold element. 

6. The semiconductor device as claimed in claim 5, each of said threshold elements comprising: 

a first input part which inputs an input signal to be processed; 

a second input part which inputs a control signal for realizing said function; 

wherein said threshold value is set by said control signal, an output value for an input signal which is input 
from said first input part being determined according to said threshold value. 

7. The semiconductor device as claimed in claim 5, each of said threshold elements comprising: 

a plurality of input terminals; 

a first terminal which can be regarded as in an electrically insulated state transiently; and 
a nonlinear element; 

said input terminals being connected to said first terminal; and 
said nonlinear element receiving a voltage of said first terminal. 

8. The semiconductor device as claimed in claim 7, each of said threshold elements further comprising: 

a first switch between said first terminal and a terminal having a first predetermined voltage; 

at least one second switch being connected to at least one input terminal of said input terminals; 

wherein said second switch switches between a connection state of inputting an input signal from said at least 
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one input terminal and a connection state of inputting a second predetermined voltage. 

9. The semiconductor device as claimed in claim 7, said nonlinear element being an inverter circuit. 

5 10. The semiconductor device as claimed in claim 8, said nonlinear element being an inverter circuit. 

11. The semiconductor device as claimed in claim 9, said inverter circuit being a CMOS inverter or a resistive load 
type inverter. 

w 12. The semiconductor device as claimed in claim 10, said inverter circuit being a CMOS inverter or a resistive load 
type inverter. 

13. The semiconductor device as claimed in claim 5, each of said threshold elements comprising: 

15 a semiconductor region of a first conductivity type disposed on a substrate; 

a source region and a drain region of a second conductivity type provided on said semiconductor region; 
a floating gate electrode provided on a region which separates said source region and said drain region via 
an insulating film, said floating gate electrode connected to a terminal having a first voltage via an element 
which can take a conducting state, and, an interrupted state or an electrically high impedance state; 

20 a plurality of input gate electrodes connected to said floating gate electrode via an insulating film, said input 

gate electrodes controlled by at least two input control parts provided in said semiconductor device; 
at least one element for switching which can connects at least one of said input gate electrodes to an input 
line which inputs function configuration data or to a terminal having a second voltage. 

25 14. A function reconfigurable integrated circuit, characterized by: 

a plurality of threshold elements; 

each of said threshold elements including means which stores a threshold value; and 
wherein a function which is realized by said integrated circuit is determined by determining said threshold 
30 value in each of said threshold elements. 

15. The integrated circuit as claimed in claim 14, wherein said integrated circuit is configured by a plurality of stages, 
each of said stages including at least one threshold element. 

35 16. The integrated circuit as claimed in claim 15, each of said threshold elements comprising: 

a first input part which inputs an input signal to be processed; 

a second input part which inputs a control signal for realizing said function; 

wherein said threshold value is set by said control signal, an output value for an input signal which is input 
40 from said first input part being determined according to said threshold value. 

17. The integrated circuit as claimed in claim 15, each of said threshold elements comprising: 

a plurality of input terminals; 
45 a first terminal which can be regarded as an electrically insulated state transiently; and 

a nonlinear element; 

said input terminals being connected to said first terminal; 
said nonlinear element receiving a voltage of said first terminal. 

50 18. The integrated circuit as claimed in claim 17, each of said threshold elements further comprising: 

a first switch between said first terminal and a terminal having a first predetermined voltage; 
at least one second switch being connected to at least one input terminal in said input terminals; 
wherein said second switch switches between a connection state of inputting an input signal from said at least 
55 one input terminal and a connection state of inputting a second predetermined voltage. 

19. The integrated circuit as claimed in claim 17, said nonlinear element being an inverter circuit. 
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20. The integrated circuit as claimed in claim 18, said nonlinear element being an inverter circuit. 

21. The integrated circuit as claimed in claim 19, said inverter circuit being a CMOS inverter or a resistive load type 
inverter. 

5 

22. The integrated circuit as claimed in claim 20, said inverter circuit being a CMOS inverter or a resistive load type 
inverter. 

23. The integrated circuit as claimed in claim 15, each of said threshold elements comprising: 

10 

a semiconductor region of a first conductivity type disposed on a substrate; 

a source region and a drain region of a second conductivity type provided on said semiconductor region; 
a floating gate electrode provided on a region which separates said source region and said drain region via 
an insulating film, said floating gate electrode connected to a terminal having a first voltage via an element 
is which can take a conducting state, and, an interrupted state or an electrically high impedance state; 

a plurality of input gate electrodes connected to said floating gate electrode via an insulating film, said input 
gate electrodes controlled by at least two input control parts provided in said semiconductor device; 
at least one element for switching which can connects at least one of said input gate electrodes to an input 
line which inputs function configuration data or to a terminal having a second voltage. 

20 

24. A function reconfigurable integrated circuit, characterized by: 

neuron MOS transistors each of which includes a switch; 

a circuit which stores function configuration data for determining a function as a vector which is a result of 

26 subtracting a third vector from the sum of a first vector and a second vector; 

said first vector including, as elements, voltages of input gate electrodes of said neuron MOS transistors at a 
time when floating gate electrodes of said neuron MOS transistors are in a high impedance state or are inter- 
rupted from initialization terminals used for setting an initial voltage in said floating gate electrode; 
said second vector including, as elements, voltages of said floating gate electrodes at a time when said floating 

30 gate electrodes are connected to said initialization terminals; 

said third vector including, as elements, voltages of said input gate electrodes at a time when said floating 
gate electrodes are interrupted from said initialization terminals or when said floating gate electrodes are in a 
high impedance state with respect to said initialization terminal. 

35 25. The function reconfigurable integrated circuit as claimed in claim 24, said neuron MOS transistor comprising: 

a semiconductor region of a first conductivity type disposed on a substrate; 

a source region and a drain region of a second conductivity type provided on said semiconductor region; 
said floating gate electrode, provided on a region which separates said source region and said drain region 
40 via an insulating film, said floating gate electrode connected to said initialization terminal having a predeter- 

mined voltage via an element which can take a conducting state, and, an interrupted state or an electrically 
high impedance state; 

a plurality of input gate electrodes capacitively coupled to said floating gate electrode via an insulating film. 
45 26. A function reconfigurable integrated circuit, characterized by: 
neuron MOS transistors each of which includes a switch; 

a circuit which stores function configuration data for determining a function, said function configuration data 
being a difference between the sum of charge amounts induced in input gate electrodes of said neuron MOS 
50 transistors during performing a function processing and charge amounts of floating gate electrodes of said 

neuron MOS transistors at a time when said floating gate electrodes are interrupted from or become in a high 
impedance state with respect to an initialization terminal used for setting an initial voltage to said floating gate 
electrode. 

55 27. The function reconfigurable integrated circuit as claimed in claim 26, said neuron MOS transistor comprising: 
a semiconductor region of a first conductivity type disposed on a substrate; 

a source region and a drain region of a second conductivity type provided on said semiconductor region; 
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said floating gate electrode, provided on a region which separates said source region and said drain region 
via an insulating film, said floating gate electrode connected to said initialization terminal having a predeter- 
mined voltage via an element which can take a conducting state, and, an interrupted state or an electrically 
high impedance state; 

s a plurality of input gate electrodes capacitively coupled to said floating gate electrode via an insulating film. 

28. The function reconfigurable integrated circuit as claimed in claim 24, said integrated circuit including i input termi- 
nals, i being a positive integer, wherein; 

10 when said function reconfigurable integrated circuit stores function configuration data including n elements, n 

being a positive integer, a time necessary for initialization of said floating gate electrodes is divided into j 
intervals on a time axis, j being a positive integer, such that i + j&n is satisfied, said time necessary for initial- 
ization being a time from a first time to a second time, at which said first time, at least one of said floating gate 
electrodes is connected to said initialization terminal, and at which said second time, said floating gate elec- 

15 trades are interrupted from or enter in a high impedance state with respect to said initialization terminal; and 

function configuration data is stored such that elements of said function configuration data are disposed on 
predetermined regions in a two dimensional plane which is formed by said i input terminals and said j intervals 
so as not to overlap one another. 

20 29. The function reconfigurable integrated circuit as claimed in claim 26, said integrated circuit including i input termi- 
nals, i being a positive integer, wherein; 

when said reconfigurable integrated circuit stores function configuration data including n elements, n being a 
positive integer, a time necessary for initialization of said floating gate electrodes is divided into j intervals on 

25 a time axis, j being a positive integer, such that i +j&n is satisfied, said time necessary for initialization being 

a time from a first time to a second time, at which said first time, at least one of said floating gate electrodes 
being connected to said initialization terminal, at which said second time, said floating gate electrodes being 
interrupted from or becoming in a high impedance state with respect to said initialization terminal; 
function configuration data is stored such that elements of said function configuration data are disposed on 

30 predetermined regions in a two dimensional plane which is formed by said i input terminals and said j intervals 

so as not to overlap one another. 

30. The function reconfigurable integrated circuit as claimed in claim 24, further comprising: 

35 a circuit which provides elements of said first vector as two-valued values of logical 1 or logical 0 or continuous 

values; 

a circuit which provides elements of said second vector as two-valued values of logical 1 or logical 0 or con- 
tinuous values; and 

a circuit which provides elements of said third vector as two-valued values of logical 1 or logical 0 or continuous 
40 values. 

31. The function reconfigurable integrated circuit as claimed in claim 24, wherein voltages which are provided from 
outside of said integrated circuit or voltages which are generated in said integrated circuit are used as elements 
of said first vector, said second vector and said third vector. 

45 

32. The function reconfigurable integrated circuit as claimed in claim 24, wherein said integrated circuit is configured 
by a plurality of stages, each of said stages includes at least one neuron MOS inverter having a switch which 
includes said neuron MOS transistor having a switch. 

50 33. The function reconfigurable integrated circuit as claimed in claim 26, wherein said integrated circuit is configured 
by a plurality of stages, each of said stages includes at least one neuron MOS inverter having a switch which 
includes said neuron MOS transistor having a switch. 

34. The function reconfigurable integrated circuit as claimed in claim 24, comprising: 

55 

a plurality of circuit blocks, each of said circuit blocks including at least one said integrated circuit; 
wherein processing on storing function configuration data is performed in said integrated circuits simultane- 
ously in each of said circuit blocks. 
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35. The function reconfigurable integrated circuit as claimed in claim 26, comprising: 

a plurality of circuit blocks, each of said circuit blocks including at least one said integrated circuit; 
wherein processing on storing function configuration data is performed in said integrated circuits simultane- 
5 ously for each of said circuit blocks. 

36. The function reconfigurable integrated circuit as claimed in claim 24, wherein: 

multiple-valued voltages or continuous voltages are used for storing said function configuration data, said 
multiple-valued voltages or said continuous voltages being provided from the outside of said integrated circuit or 
to being generated in said integrated circuit from voltages provided from the outside of said integrated circuit. 

37. The function reconfigurable integrated circuit as claimed in claim 26, wherein: 

multiple-valued voltages or continuous voltages are used for storing said function configuration data, said 
multiple-valued voltages or said continuous voltages being provided from the outside of said integrated circuit or 
15 being generated in said integrated circuit from voltages provided from the outside of said integrated circuit. 

38. The function reconfigurable integrated circuit as claimed in claim 24, further comprising: 

an impedance network which includes switches and impedance components; wherein, 
20 said integrated circuit stores multiple-valued voltages or continuous voltages which are generated by said 

impedance network from voltages provided from the outside of said integrated circuit. 

39. The function reconfigurable integrated circuit as claimed in claim 26, further comprising: 

25 an impedance network which includes switches and impedance components; wherein, 

said integrated circuit stores multiple-valued voltages or continuous voltages which are generated by said 
impedance network from voltages provided from the outside of said integrated circuit. 

40. The function reconfigurable integrated circuit as claimed in claim 38, said impedance components connected in 
30 • series between a first terminal and a second terminal which have different voltages; and 

each of said switches being for connecting one of said impedance components to said input gate electrode 
of said neuron MOS transistor. 

41. The function reconfigurable integrated circuit as claimed in claim 39, said impedance components connected in 
35 series between a first terminal and a second terminal which have different voltages; and 

each of said switches being for connecting one of said impedance components to said input gate electrode 
of said neuron MOS transistor. 

42. The function reconfigurable integrated circuit as claimed in claim 38, wherein said impedance network is configured 
40 such that capacitances are connected in parallel between a first terminal and a second terminal which have different 

voltages, each of said capacitances having a switch, and one of two terminals of each of said capacitances can 
be connected to one of said input gate electrodes of said neuron MOS transistors. 

43. The function reconfigurable integrated circuit as claimed in claim 39, wherein said impedance network is configured 
45 such that capacitances are connected in parallel between a first terminal and a second terminal which have different 

voltages, each of said capacitances having a switch, and one of two terminals of each of said capacitances can 
be connected to one of said input gate electrodes of said neuron MOS transistor. 

44. The function reconfigurable integrated circuit as claimed in claim 24, wherein said function configuration data is 
50 stored by storing charge amounts of multiple-valued values or charge amounts of continuous values, said multiple- 
valued values or said continuous values are represented by time intervals during which a predetermined voltage 
is provided, said predetermined voltage being provided from outside of said integrated circuit or being generated 
in said integrated circuit. 

55 45. The function reconfigurable integrated circuit as claimed in claim 26, wherein said function configuration data is 
stored by storing charge amounts of multiple-valued values or charge amounts of continuous values, said multiple- 
valued values or said continuous values are represented by time intervals during which a predetermined voltage 
is provided, said predetermined voltage being provided from outside of said integrated circuit or being generated 
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in said integrated circuit. 

46. The function reconfigurable integrated circuit as claimed in claim 44, wherein said multiple-valued values or said 
continuous values are generated and stored by controlling said time intervals by using a network and a capacitance 

5 between said input gate electrode and said floating gate electrode, said network comprising resistance elements 

and capacitance elements and provided on a path over which a signal is applied to said input gate electrode. 

47. The function reconfigurable integrated circuit as claimed in claim 45, said multiple-valued values or said continuous 
values are generated and stored by controlling said time intervals by using a network and a capacitance between 

10 said input gate electrode and said floating gate electrode, said network comprising resistance elements and ca- 

pacitance elements and provided on a path over which a signal is applied to said input gate electrode. 

48. A method of storing function configuration data in an integrated circuit including neuron MOS transistors each of 
which having a switch, said method characterized by the steps of: 

15 

connecting each of floating gate electrodes of said neuron MOS transistors to an initialization terminal which 
is in a second voltage; 

applying voltages in a third voltage vector to input gates of said neuron MOS transistors while each of said 
floating gate electrodes of said neuron MOS transistors is connected to said initialization terminal; 
20 when a voltage of each of said floating gate electrodes can be regarded as the same as said second voltage, 

interrupting each of said floating gate electrodes from said initialization terminal or setting a high impedance 
with respect to said initialization terminal in each of said floating gate electrodes; and 
applying voltages of a first voltage vector to said input gate electrodes. 

25 49. A method of storing function configuration data in an integrated circuit including neuron MOS inverters each of 
which having a switch, said integrated circuit configured by a plurality of stages each of which stages including at 
least one of said neuron MOS inverters, wherein each of floating gate electrodes of said neuron MOS inverters 
can be connected to a ground terminal having a ground voltage via a switch, said method characterized by the 
steps of: - 

30 

when each of said floating gate electrodes is connected to said ground terminal, applying predetermined volt- 
ages to input gate electrodes of said neuron MOS inverters; 

interrupting each of said floating gate electrodes from said ground terminal or providing a high impedance to 
each of said floating gate electrodes while applying said predetermined voltages to said input gate electrodes; 
35 when each of said floating gate electrodes can be regarded as in a floating state, applying a power supply 

voltage instead of said predetermined voltages to said input gate electrodes. 

50. A method of storing function configuration data in an integrated circuit including neuron MOS inverters each of 
which having a switch, said integrated circuit configured by a plurality of stages each of which stages including at 

40 least one of said neuron MOS inverters, wherein each of floating gate electrodes of said neuron MOS inverters 

can be connected to a power supply terminal having a power supply voltage via a switch, said method characterized 
by the steps of: 

when each of said floating gate electrodes is connected to said power supply terminal, applying predetermined 
45 voltages to input gate electrodes of said neuron MOS inverters; 

interrupting each of said floating gate electrodes from said power supply terminal or providing a high impedance 
to each of said floating gate electrodes while applying said predetermined voltages to said input gate elec- 
trodes; 

when each of said floating gate electrodes can be regarded as in a floating state, applying a ground voltage 
50 instead of said predetermined voltages to said input gate electrodes. 

51 . A method of storing function configuration data in an integrated circuit including neuron MOS inverters each of 
which having a switch, said integrated circuit configured by a plurality of stages each of which stages including at 
least one of said neuron MOS inverters, wherein each of floating gate electrodes of said neuron MOS inverters 

55 can be connected to a second voltage terminal having a second voltage via a switch, said method characterized 

by the steps of: 

when each of said floating gate electrodes is connected to said second voltage terminal, applying third voltages 
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to input gate electrodes of said neuron MOS inverters; 

interrupting each of said floating gate electrodes from said second voltage terminal or providing a high imped- 
ance to each of said floating gate electrodes while applying said third voltages to said input gate electrodes; 
when each of said floating gate electrodes can be regarded as in a floating state, applying a first voltage 
instead of said third voltages to said input gate electrodes. 

52. An integrated circuit which realizes a function of k input variables, k being a positive integer, said integraated circuit 
characterized by: 

k first input signal terminals which input k first input signals and k+1 second input signal terminals which input 
k+1 second input signals, wherein input status numbers, each of which is the number of said first input signal 
terminals having identical values, are in one-to-one correspondence with said second input signal terminals; 
said integrated circuit outputting a value which is determined according to a state of said second input signal 
terminal which corresponds to said input status number; 

said integrated circuit including a symmetric function capability of k input variables and a selector capability, 
said selector capability selecting one signal among said k+1 second input signals by using said k first input 



53. The integrated circuit as claimed in claim 52, comprising: 



two stages, a first stage in said two stages including k+1 threshold elements, a second stage in said two stages 
including a threshold element; 

each of said k+1 threshold elements in said first stage including terminals for inputting said k first input signals 
and a terminal for inputting one of said second input signals; 
25 said threshold element in said second stage including terminals for inputting said k first input signals and 

terminals for inputting signals based on output signals of said k+1 threshold elements of said first stage; 
each of said threshold elements in said first stage having a threshold value which is different from a threshold 
value of any other threshold element in said first stage; 

said threshold element in said second stage receiving products of a first weight and signal values output from 
30 said k+1 threshold elements of said first stage, said first weight having reversed sign of a second weight by 

which said first input signals are multiplied, or said threshold element in said second stage receiving products 
of a positive weight and reversed signals of signals output from said k+1 threshold elements of said first stage. 

54. A function reconfigurable integrated circuit characterized by at least one neuron MOS transistors having a switch; 

35 

said neuron MOS transistor including an element between a floating gate electrode and a terminal of a pre- 
determined voltage, wherein said element can take either of two states of a conducting state and an interrupted 
state or a high impedance state; wherein, 

said integrated circuit has a symmetric function capability and a selector capability by controlling at least one 
40 of three voltages, a first voltage of said three voltages being a voltage of said floating gate electrode at a time 

when said element is in said conducting state, a second voltage of said three voltages being a voltage of an 
input terminal of said neuron MOS transistor at a time when said element is in said conducting state, a third 
voltage of said three voltages being a voltage of said input terminal of said neuron MOS transistor at a time 
when said element is in said interrupted state. 

55. The function reconfigurable integrated circuit as claimed in claim 54, said neuron MOS transistor comprising: 

a semiconductor region of a first conductivity type disposed on a substrate; 

a source region and a drain region of a second conductivity type provided on said semiconductor region; 
so said floating gate electrode, which can be regarded as in a floating state, provided on a region which separates 

said source region and said drain region via an insulating film, said floating gate electrode connected to said 
terminal having a predetermined voltage via said element; 

a plurality of input gate electrodes capacitively coupled to said floating gate electrode via an insulating film. 



55 56. The function reconfigurable integrated circuit as claimed in claim 54, comprising: 



two stages, a first stage in said two stages including k+1 threshold elements using said neuron MOS transistors, 
a second stage in said two stages including a threshold element using said neuron MOS transistor; 
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each of said k+1 threshold elements in said first stage including k first input signal terminals, a second input 
signal terminal which is different from other second input signal terminals of other threshold elements; 
said threshold element in said second stage including terminals for inputting k first input signals and k+1 
terminals for inputting signals based on output signals of said k+1 threshold elements of said first stage; 
5 each of said threshold elements in said first stage having a threshold value which is different from a threshold 

value of any other threshold element in said first stage; 

said threshold element in said second stage receiving products of a positive weight and reversed signals of 
signals output from said k+1 threshold elements of said first stage. 

10 57. The function reconfigurable integrated circuit as claimed in claim 54, further comprising a switching circuit which 
selects between said symmetric function capability and said selector capability. 

58. The function reconfigurable integrated circuit as claimed in claim 54, further comprising a control circuit which 
switches between four modes; 

in a first mode, said symmetric function capability being realized only during applying function configuration 
data ; 

in a second mode, said function configuration data being stored; 

in a third mode, said selector capability being realized only during applying an address of a signal to be selected; 
20 in a fourth mode, said address being stored. 

59. The function reconfigurable integrated circuit as claimed in claim 54, said function reconfigurable integrated circuit 
comprising threshold elements using said neuron MOS transistor having a switch which forms an inverter circuit. 

25 60. The function reconfigurable integrated circuit as claimed in claim 56, said threshold element using said neuron 
MOS transistor having a switch being an element which forms an inverter circuit. 

61. The function reconfigurable integrated circuit as claimed in claim 56, wherein output terminals of said threshold 
• elements of said first stage are connected to input terminals of said threshold element of said second stage via 

30 circuits including wave-shaping circuits. 

62. The function reconfigurable integrated circuit as claimed in claim 56, further comprising a circuit including a delay 
circuit, which is provided on a path over which a signal is applied to said threshold element of said second stage. 

35 63. A function reconfigurable integrated circuit characterized by a plurality of neuron MOS transistors or a plurality of 
neuron MOS transistors having a switch, wherein said integrated circuit is configured such that: 

sums of sets of an element or elements are different with respect to each other, wherein said elements in a 
set do not overlap each other, said elements being included in a capacitance ratio set (w,, w 2 , ", w,, ", w k ) ; 
40 wherein each element in said capacitance ratio set (w v w 2 , '", w,, ■", w k ) is a capacitance ratio with respect to 

a minimum value of capacitance values, said capacitance values being values of capacitances between input 
gate electrodes to which input variables are input and a floating gate electrode, wherein k is the number of 
said input variables. 

45 64. The function reconfigurable integrated circuit as claimed in claim 63, each of said neuron MOS transistor and said 
neuron MOS transistor having a switch comprising: 

a semiconductor region of a first conductivity type disposed on a substrate; 

a source region and a drain region of a second conductivity type provided on said semiconductor region; 
so said floating gate electrode, which can be regarded as in a floating state, provided on a region which separates 

said source region and said drain region via an insulating film; 

a plurality of input gate electrodes capacitively coupled to said floating gate electrode via an insulating film; 
wherein said floating gate electrode of said neuron MOS transistor having a switch is connected to a terminal 
having a predetermined voltage via an element which can take either of a conducting state and an interrupted 
55 state or a high impedance state. 

65. The function reconfigurable integrated circuit as claimed in claim 63, each of said neuron MOS transistor and said 
neuron MOS transistor having a switch being a transistor wherein said capacitance ratio w, of an ith input gate 
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satisfies 

",»£>,.(2Mfc). 

66. The function reconfigurable integrated circuit as claimed in claim 65, each of said neuron MOS transistor and said 
neuron MOS transistor having a switch being a transistor wherein wpz'" 1 , IgiSk, and z§=2 are satisfied. 

« 67. The function reconfigurable integrated circuit as claimed in claim 63, each of said neuron MOS transistor and said 
neuron MOS transistor having a switch being a transistor wherein Wj=a'- 1 , 1SiSk and 1<a<2 are satisfied. 

68. The function reconfigurable integrated circuit as claimed in claim 65, each of said neuron MOS transistor and said 
neuron MOS transistor having a switch being a transistor wherein Wj=a'- 2 -(1+P), 2 si^k, a>1 and 0<p<1 are sat- 

15 isfied. 

69. The function reconfigurable integrated circuit as claimed in claim 68, each of said neuron MOS transistor and said 
neuron MOS transistor having a switch being a transistor wherein W|=2'- 2 (1 +P), 2 sjgk and 0<p<1 are satisfied. 

20 70. The function reconfigurable integrated circuit as claimed in claim 63, said integrated circuit including two stages, 
a first stage of said two stages including pre-inverters each of which is said neuron MOS transistor or said neuron 
MOS transistor having a switch, said pre-inverter having more than two threshold values with respect to an input 
signal. 

25 71 . The function reconfigurable integrated circuit as claimed in claim 70, further comprising terminals from which two- 
valued control signals which determine said threshold value are input. 

72. The function reconfigurable integrated circuit as claimed in claim 70, further comprising a control signal terminal 
from which- a multiple-valued signal or an analog signal is input, said multiple-valued signal or said analog signal 

30 determining said more than two threshold values. 

73. A designing method of a function reconfigurable integrated circuit, said integrated circuit comprising two stages 
which include neuron MOS inverters using neuron MOS transistors or neuron MOS transistors having a switch, 
said neuron MOS inverter in a first stage of said two stages being a pre-inverter and said neuron MOS inverter in 

35 a second stage of said two stage being a main inverter, said method characterized by the steps of: 

setting values of input gate capacitances, for each of said neuron MOS inverters, between input gate electrodes 
from which first input signals are input and a floating gate electrode such that input vectors can be identified, 
said input vector being a vector representation of said first input signals; 

40 setting, for each input gate electrode connected to an output terminal of said pre-inverter, a value of an input 

gate capacitance between an input gate electrode from which an output signal from a pre-inverter is input and 
said floating gate of said main inverter such that, of two different voltages of said floating gate which correspond 
to two output values of said pre-inverter, one is larger than a threshold voltage of said floating gate and another 
is smaller than said threshold voltage, wherein said input gate capacitance corresponds to said pre-inverter 

45 which corresponds to one of said input vectors; and 

setting, for each of said pre-inverters, a value of an input gate capacitance between an input gate electrode 
from which a second input signal is input and said floating gate of one of said pre-inverters, such that a voltage 
of said floating gate becomes equal to said threshold voltage at each of two different input charge amounts, 
wherein an input charge amount corresponding to said one of said pre-inverters which corresponds to a first 

50 input vector is larger than one of said two different input charge amounts and is smaller than the other of said 

two different input charge amounts, wherein each of said two different input charge amounts does not exceed 
an input charge amount of a second input vector which is nearest to said first input vector. 

74. A designing method of a function reconfigurable integrated circuit, said integrated circuit comprising two stages 
55 which include neuron MOS inverters using neuron MOS transistors or neuron MOS transistors having a switch, 

said neuron MOS inverter in a first stage of said two stages being a pre-inverter and neuron MOS inverter in a 
second stage of said two stages being a main inverter, said method characterized by the steps of: 
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setting values of input gate capacitances, for each of said neuron MOS inverters, between input gate electrodes 
from which first input signals are input and a floating gate electrode, such that input vectors can be identified, 
said input vector being a vector representation of said first input signals; 

for said main inverter, dividing said input vectors which are arranged in ascending order by corresponding 
input charge amounts into blocks each of which blocks including four input vectors, said input charge amounts 
being accumulated in input gate capacitances between first input signal terminals and a floating gate; 
setting values of input gate capacitances, for said main inverter, between input gate electrodes from which 
output signals from said pre-inverters are input and said floating gate, such that said floating gate takes two 
values of which one is larger than a threshold voltage of said floating gate and another is smaller than said 
threshold voltage of said floating gate by using combinations of logical values of output signals of three pre- 
inverters for four input vectors in said block; and 

setting, for each of said pre-inverters, a value of an input gate capacitance between an input gate electrode 
from which a second input signal is input and said floating gate of one of said pre-inverters, such that a voltage 
of said floating gate becomes equal to said threshold voltage at each of two different input charge amounts, 
wherein an input charge amount corresponding to said one of said pre-inverters which corresponds to a first 
input vector is larger than one of said two different input charge amounts and is smaller than another of said 
two different input charge amounts, wherein each of said two different input charge amounts does not exceed 
an input charge amount of a second input vector which is nearest to said first input vector. 

The designing method of a function reconfigurable integrated circuit as claimed in claim 74, further comprising the 
step of utilizing a physical multiple-valued value for a multiple-valued expression. 
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801 : FUNCTION RECONFIGURABLE INTEGRATED CIRCUIT 
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803 : FUNCTION RECONFIGURABLE INTEGRATED CIRCUIT 
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FIG. 108 
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805 : FUNCTION RECONFIGURABLE INTEGRATED CIRCUIT 
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FIG. 115 



802 : FUNCTION RECONFIGURABLE INTEGRATED CIRCUIT 
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